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LITERATURE SURVEY. 
This literature survey has been added to the 
thesis on the recommendation of the examiners• 
1. Comparison of image tubes with the photographic plate 
in the visible region. 
The photographic plate has long been the main tool used 
for astronomical observations despite its relatively low 
detection efficiency and nonlinearity. 
The relative advantages of speed and linearity which 
image tubes, based upon the photoelectric effect, possess 
over photographic plates, were first pointed out by 
Lallemand (1936). Since then much effort has been 
expended in the development and applications of a variety 
§f image tubes. 
Comparison of image tubes with the photographic plate 
is given by Livingstone (I967). Whereas the nonlinearity 
of the photographic process is a severe limitation, the 
photoelectric effect is linear over range of the order of 
which allows accurate calibration and precise 
photometry with image tubes. A comparison of speed may 
be made by noting that the detective quantum efficiency, as 
defined by Jones (1959), of Kodak 103a-0 emulsion is 
0.005 (Marchant and Millikan (196?)), whereas the responsive 
quantum efficiency of an S20 photocathode at ̂ +00 n.m. is 
0A5 (Livingstone (196?)). Image tubes are in direct 
competition with the photographic plate in the visible region, 
and Livingstone reaches the conclusion that photography gives 
higher positional accuracy and long term geometrical stability 
when compared with image tubes, although the former is 
wasteful of light and otherwise imperfect for photometric 
purposes. Image tubes are used mainly where photometry or 
speed with moderate resolution is required, and greater 
distortion of the image can be tolerated. 
2. Types of image tubes and some illustrative applications. 
The Lallemand tube is considered first because it is 
founded upon the most simple physical processes. This tube 
consists of a photocathode from which electrons are 
accelerated to about MDkV and focussed on a photographic 
plate situated within the same vacuum chamber. This type 
of tube was used by Walker et. al.(196?) to obtain better 
time resolution of spectrum variables in a study of 
A E Aquarii. 
The Lallemand tube has a wide linear range between input 
light intensity and optical density of the emulsion, and 
Aller and Walker (1965) make full use of this photometric 
capability in a study of line intensities in planetary nebulae. 
Another type of image tube is the R.C.A. cascade tube 
which was developed specifically for astronomical purposes 
(Baum et. al. (196^)). This tube accelerates electrons from 
a photocathode through an accelerating potential of 10 kV to 
strike a phosphor-photocathode sandwich membrane. Photo-
electrons from the second photocathode are accelerated through 
a similar potential difference to strike a Pll phosphor 
output screen. This tube has been used by Wilson et. al. 
(1965) for relative photometric measurements at 670 n.m. in 
a large number of stars. In this application it has a speed 
advantage over photography. 
A third type of image tube is the Transmission Secondary 
Emission (T.S.E.) tube. Tube type PD829D made by English 
Electric is a T.S.E. device, and this tube is described by 
Ruggles and Slark (196^). Electrons from the photocathode 
of the PD829D are accelerated through a potential difference 
of kV to strike a thin potassium chloride surface 
supported by an electron transparent aluminium membrane. 
Each primary electron produces about five secondary electrons 
which are accelerated through a potential difference of kV 
to the next membrane. Five such dynodes produce an electron 
gain of about 3000. The final image appears in the 
fluorescense of a Pll phosphor. Total light gain with an 
overall accelerating potential of 36 kV is 5 x 10?, which 
is sufficient for scintillations due to individual 
photoelectrons to be easily recorded. This tube is most 
useful at very low light levels, but it suffers from a 
light dependent background. This background appears to be 
caused by light scattering and optical feedback within the 
tube (Iredale et. al. (196^)). 
A distinct class of image tubes consists of the 
signal generating types of which the image orthicon, the 
image isocon, and the vidicon are representative. 
Weimer (I96O) gives a detailed review of these tubes. 
The first two of these are based upon a photocathode for 
the primary detection process. They do not appear to have 
any fundamental advantage over modern image tubes, which have 
the same type of photocathode, although the signal generating 
tubes have the advantage of electrical signal output for 
remote transmission where this is required. 
The image orthicon has been used for rapid but low 
precision photometry of stars (Barkos and Rymer (196^), 
Livingstone (1967)). 
The visible spectrum vidicon was used in unmanned space 
flights (Mailing and Allen (1966), Allen (1966)) because of 
its simple rugged construction and because it is relatively 
unaffected by internal scattered light and stray magnetic fields 
3* Im̂ â ln̂  devices for the infra-red region^ potentialities 
and applications. 
The potentialities and applications of the vidicon, 
image tnbes with SI cathodes, and photography for infra-red 
astronomy are discussed in this section. The vidicon is 
based upon photoconductivity for its primary detection process, 
and this fact suggests that the vidicon may have a fundamental 
advantage over the photographic plate or image tubes with SI 
cathodes, particularly in the infra-red, because from a 
fundamental viewpoint thfe detection efficiency of a 
photoconductor is much higher than that of a photoemitter 
in the infra-red region (refer Rose (I963)). Furthermore, 
Sommers (I963) shows that there is a formal possibility of 
obtaining photoconductive gain in a vidicon, although no such 
gain has yet been achieved in commercial vidicons. 
The potentialities of the vidicon for astronomical use 
are discussed by Gebel (I962), and his paper emphasises that 
amplifier no$se is the most significant limitation to the 
vidicon. Gebel gives little specific data for operation in 
the infra-red region, and the present author considers that 
the approximations he has made in estimating circuit noise are 
invalid. Because of the importance of circuit noise in the 
overall performance of the vidicon this thesis examines 
associated valve and transistor circuits in some detail to 
determine the practical limitations of the vidicon with 
specific circuits and operating conditions. 
In so far as infra-red astronomical applications are 
concerned, experience to date has shown that the image tubes 
with SI cathodes are far superior in speed to the infra-red 
plate (see for example Fredrick (I96I), Firor and Zirin (I962), 
Zirin and Dietz (1963)), The infra-red vidicon has been used 
to advantage by Kuprevich (I963) for observations of the moon 
at 1600 n.m., an application where it is not in competition 
with either the photographic plate or the image tubes. 
However, there appears to be no other reported application of 
the infra-red vidicon to astronomical work. 
The SI photocathode is useful to about 1200 n.m., whereas 
the infra-red vidicon is sensitive out to 2000 n.m., so that 
if the infra-red vidicon is to be competitive with the SI 
cathode, it should be so in the vicinity of 1100 n.m., which 
is within the useable spectrum for both devices. 
Zirin and Dietz (I963) found that the 1083 n.m. line 
of fifei gields unique information on the solar chromosphere. 
This application at 1083 n.m. is essentially one where low 
contrast scenes are involved and it is at a wavelength where 
the infra-re4 vidicon may be able to compete with the image 
tubes. For these reasons it is this application which is 
considered in this thesis. 
The scene to be detected in this application is generally 
of low contrast (of the order of two per cent), and it is 
found that, when there is sufficient light input to enable 
detection at this low contrast, the photon statistical noise 
is much greater than the thermal emission noise of practical 
image tubes (refer Ch. k). This simplifies the discussion 
because the thermal emission noise may then be neglected. 
Although this argument ignores spurious light flashes due 
to such factors as voltage breakdown and optical feedback 
within image tubes, it does allow comparison of devices on a 
more fundamental basis. The practical performance of 
image tubes is under constant development and improvement, 
so that it is important to make comparisons on the basis of 
fundamental limitations. 
h. The vidicon and its spatial resolution compared 
with image tubes. 
The Yldicon was first introduced commercially in 1950 
(Weimer et. al. (1950), (1951))? and further details of its 
operation and performance are given by Redington (1958) and 
by Weimer (i960). Infra-red vidicons have been reported by 
Morton and Forgue (1959), Heimann and Kunze (1962), and 
Hovi et. al. (1969). 
Langmuir (1937) determined the limit of resolution due 
to low velocity scanning beams which is also applicable to 
the vidicon, and he shows that the limit due to the finite 
dimensions of the beams alone should be greater than 10000 lines 
per inch. A more serious limitation of resolution is due to 
(viii) 
the potential distribution of the target betiding the 
scanning beam (see Weimer (I96O)), and this gives a limit 
of the order of 6OO to 1000 lines per inch. 
Krittman (I963) and Lubszynski and Wardley (I963) 
also discuss the resolution of vidicons. Krittman's paper 
analyses the limit of resolution due to finite target 
thickness which causes deflection of the scanning beam • 
Lubszynski and Wardley show that connecting a separate 
target mesh to a potential which is positive with respect 
to the wall anode decreases these beam bending effects and 
improves the resolution. 
The resolution of the vidicons used in the present 
work was measured and found to be approximately 750 lines 
per inch at the target (see Ch. . In comparison the 
typical resolution of image tubes is also about 750 lines 
per inch, as reported by Ruggles and Slark (196^), 
Fredrick and Hall (1962), Randall (1966) and Emberson and 
Long (1969). 
5. Image evaluation. 
There has been a significant trend over the last 
decade to apply modulation transfer functions to the 
evaluation of imaging systems. One advantage of this 
technique is the ease in which modulation transfer functions 
of the elements of an imaging system may be combined to 
obtain the modulation transfer function of the complete 
system^ The concepts involved are treated by Fellgett and 
Linefoot (1955), Dunham (I96O) and McGee (I96I). 
A characterisation and analysis of a complete facsimile 
system using modulation transfer functions is given by 
Rindfleisch and Willingham (I966) whose work has been used 
in this thesis to illustrate that an equivalent analysis can 
be made on the electrical signals and noise in the video 
output of a television camera. 
The measurement of the real part of the modulation 
transfer function or the transfer modulation response on 
the video output channel of a television camera is described 
in Chapter h of the thesis. Although this measurement does 
not include the kinescope output, this is not considered a 
serious limitation because phosphor screens have beeen 
reported by McGee et. al. (1966) with typical resolutions of 
2500 lines per inch, which is much greater than the resolution 
of the vidicon. 
6. Vidicon Circuit Noise. 
The main noise soxirce of a vidicon camera is due to the 
electronic devices associated with the video amplifier, and it 
is necessary to be able to calculate the signal to noise ratio 
of various amplifier configurations under different operating 
conditions. These calculations are most easily accom-
plished by using Peterson's theorem (Montgomery (1952)) 
to obtain a uniform characterisation of noisy networks and hy 
substituting the magnitude of the noise sources as given by-
North (I9M}) and Van der Ziel (195^) for the valve, and 
by Van der Ziel (1962) for the field effect transistor. This 
procedure is fully discussed in Chapter 2 of this thesis. 
An early analysis of the signal to noise ratio of a 
television camera is given by DeVore and lams (19^3), and 
their results are directly applicable to the vidicon with a 
valve amplifier. 
De Haan (I96O) gives an equivalent expression for a 
valve amplifier. His paper also covers signal to noise 
ratios of other image devices due to photon statistical noise, 
as well as circuit device noise. 
Elad and Nakamura (196?) showed that field effect 
transistors could be operated down to 78 K for silicon and 
h K for germanium with improved gain and reduced noise due 
to the lower temperature. It became obvious from this work 
that a significant improvement in signal to noise ratio could 
be obtained by using cooled field effect transistors (F.E.T.'s) 
instead of valves in the video amplifier. Elad and Nakamura 
(1967) demonstrated this improvement in amplifiers used with 
semiconductor gamma ray detectors with bandwidths of about 
1 M Hz, but the present author is unaware of any published 
use of cooled F.E.T,»s in wide band vidicon cameras. 
This topic is treated in this thesis by applying 
the general approach to the noise problem presented in 
Chapter 2. 
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BIBLIOGRAPHY LITERATTTRF. .QTTRVF.V. 
Allen, J. 1966, Adv. Electronics Electron Phys. 
2 2 B , 8 ^ 9 . 
Aller, L.H. and Walker, M.F. 1965, Astrophys. J. 
1^1, I3I8 
Bakos, G.A. and Rymer, K.R. 196^, Astron. J. 531. 
Baum, W,A., Hall, J . S . , Marton, L.L. and Tuve, M,A. 196^, 
Cannegie Inst. Wash. Year Book (1955 - 1965). 
De Haan, E.F. I96O, Adv. Electronics Electron Phys. 
(Academic Press) 12, 29I. 
Dunham, T.J., I96O, J. Opt. Soc. Aus. ¿0, 1129. 
Elad, E. and Nakamura, M. 1967, University of California, 
Lawrence Radiation Lab. Report U.C.R.L.17818 
»» " " 1967, I . E . E . E . Transactions on 
Nuclear Science, N.S. 1^, 1, 5^3. 
Emberson, D.L. and Long, B.E. 1969, Adv. Electronics Electron 
Phys. (Academic Press), 28A, 119. 
Fellgett, P.B. and Linefoot, E.H. 1955, Phil. Trans. 
A2lj2, 369. 
(xiii) 
Firor, J. and Zirin, H. 1962, Astrophys. J. 13¿, 122. 
Fredrick, L.W. I96I, Lowell Obs. Bull. lh9. 
Fredrick, L.W. and Hall, J.S. 1962, Adv. Electronics Electron Phys. (Academic Press), 16, ̂ 03. 
Gebel, R.K.H. , 1962, Adv. Electronics Electron Phys. 
(Academic Press), I6, ̂ 51. 
Heimann and Kunze, 1Q62, Adv. Electronics Electron Phys. 
(Academic Press) I6, 217. 
Hovi, H. Tsuji, S., and Kiucha, Y. I969, Adv. Electronics 
Electron Phys. (Academic Press) 28A. 253. 
Iredale, P., Hinder, G.W., and Ryden, D.J. 196̂ -, I.E.E.E. 
Trans. Nucl. Sci. NS-11, I39. 
Jones, R.C. 1959, Adv. Electronics Electron Phys. 11, 87. 
Kapany, N.S. and Capellaro, D.F. I96I, J. Opt. Soc. Am. il, 23. 
Krittman, I.M. I963. I.E.E.E. Trans, on Electron Devices 
EDIO, 6, 
(xiv) 
Kuprevich, N.F. I963, Astron. Zh. hO, 889. 
Lallemand, A. 1936, Compt. Rend. 20^, 2V3. 
Langmuir, D.B, 1937, Proc. I.R.E, 977. 
Livingstone, W.C. 1967, Adv. Electronics Electron Phys. 
(Academic Press) 23,, 3^7. 
Lnbszynski, E.G. ̂ Md Wardley, J. I963, I.E.E. Conference 
Report Series No. 5-
McGee, J.D. I96I, Rept. Progr. Phys. gjf. I69. 
McGee, J.D., Airey, R.W. and Aslam, M. 1966, Adv. Electronics 
Electron Phys. (Academic Press) 22A, 571. 
Mailing, L.R. and Allen, J. 1966, Adv. Electronics Electron 
Phys. 22B, 83?. 
Marchant, J.C. and Millikan, A.G. 1965, J. Opt. Soc. Am. 
ii, 907. 
Montgomery, E.G. 1952, Proc. I.R.E. J+O, IV6I. 
Morton, G.A. and Forgue, S.V. 1959, Proc. I.R.E. ]£¿, l607. 
North, D.O. 19^0, R.C.A. Review, f̂, hhl. 
Randall, R.P. I966, Adv. Electronics Electron Phys. 
(Academic Press) 22A, 87. 
Redington, R.W. 1958, J. Appl. Phys. 189. 
Rindfleisch, T. and Willingham, D. 1966, Adv. Electronics Electron Phys. (Academic Press), 22A, 3̂ -1. 
Rose, A. 1963» Concepts in Photoconductivity and Allied 
Problems (John Wiley). 
Rothe, H. and Dalke, W. 1956, Proc. I.R.E. Ĵ f, 811. 
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SUMMARY 
This thesis describes an investigation into the 
limiting performance of infrared imaging detectors which 
are suitable for short exposure low contrast solar 
observations at 10 83 nm. The investigation centres 
around the limiting performance of image tubes with Ŝ  
cathodes and the limiting performance of the infrared 
vidicon. 
A theoretical treatment is given which describes the 
limitations due to photon noise and circuit noise. 
Experimental measurements of the light equivalent noise 
input of an infrared vidicon, a visible spectrum vidicon 
and a single stage image converter are described. These 
experimental values are substituted into the expressions 
derived to predict the performance of the devices • 
including the performance of the vidicon with cooled 
amplifiers and slow scanning speeds. 
The results show that image tubes with S-j cathodes 
are the more suitable devices although the light flux 
required by the vidicon can approach within a factor of 
ten the light flux required by image tubes for low contrast 
scenes if a cooled field effect transistor amplifier is 
used. 
Ch. 1 
Chapter 1 
INTRODUCTION 
1.1 The Nature of the Problem 
1.2 General Characterization of Imaging Systems 
1.3 Outline of the Thesis 
Sec. 1.1 
1.1 The Nature of the Problem 
Imaging detectors which are sensitive in the infrared 
region are of great interest to astronomers. The limiting 
performance expected of these detectors is the subject of 
this thesis. The task of comparing the performance of 
imaging detectors is made difficult by the variation in the 
types of measurements required by astronomers and by the 
large number and complexity of available image tubes. Further-
more, such infrared devices are under continuous development. 
Obviously there is no device which is best for all 
applications. Each practical device is a compromise between 
many factors, such as speed, resolution, image distortion, 
dynamic range (i.e. range of useful input signals), 
linearity etc. If an investigation of the relative merits 
of image devices is to be fruitful, it should be directed 
towards a particular application. 
The application considered in this work is the 
observation with high spatial resolution of the infrared 
absorption line of wavelength 1083 nm arising from highly 
excited Hel in the Sun's chromosphere. Observations of 
this Hel infrared absorption line (2̂ S transition) 
averaged over large areas of the solar chromosphere have 
shown the relative line depth (contrast) to be about one 
per cent. Hence there is a particular interest in imaging 
Sec. 1.1 
devices suitable for observing low contrast objects in 
the infrared. There is no doubt that in plage regions , 
and elsewhere on the disc where temperatures are very-
high, the He 1083 nm line depth is much greater than 
one per cent. However, a great deal of valuable information 
(particularly as to the nature of "spicules") can be 
provided by an infrared image detector capable of 
matching the spatial resolution of the best solar tele-
scopes (say 1 second of arc) for objects of low contrast 
of the order of two per cent. 
Some such observations have been made with infrared-
sensitive photographic film by Tandberg-Hanssen, Curtis 
and Watson (1959) and with image tubes based upon photo-
emission from an Ŝ  type cathode by Fisher (196 4) and 
by Firor and Ziron (1962) who report a speed gain of 
30 times over an infrared sensitive plate which was 
exposed for 30 minutes. 
The properties required of the imaging detector for 
the application discussed above are high resolution, 
large dynamic range and fast response. These properties 
are desirable because modern solar telescopes have high 
real angle resolution, the scene contrast is generally 
small due to low absorption of the He 1083 nm line, and 
possible dynamic changes in He 1083 nm emission and in 
Sec. 1,1 
atmospheric turbulence ("seeing conditions") necessitate 
fast speed of response. 
It is convenient to divide image detectors suitable 
for astronomical observations in the infrared region into 
three categories, depending upon the basic mechanism of 
the initial detection process, as follows 
(a) Direct infrared-sensitive photographic plate. 
(b) Image tubes based upon the phenomenum of photo-
conductivity . 
(c) Image tubes based upon photo emission from an S 1 
type cathode. 
It is clear (see for example Firor and Zirin (1962)) 
that where speed of response is important the infrared 
photographic film cannot compete with Ŝ  type image tubes 
at 1083 nm. It remains to be seen which of the image 
tubes in either categories (b) and (c) can simultaneously 
best satisfy the requirements of high resolution, large 
dynamic range and fast response. 
The vidicon is an image tube based upon photocon-
ductivity (category (b) above) for the initial detection 
process and the potentialities of vidicons for astronomical 
use have been discussed by Gebel (1962). However, he 
gives little specific data for operation in the infrared 
region around 1083 nm and the present author considers 
Sec. 1.1 
that the approximations made by Gebel in calculating 
vidicon circuit noise level are invalid. It is proposed 
to investigate the infrared-sensitive vidicon in 
greater detail in this thesis. It is also proposed to 
examine various types of amplifier which give better 
performance than the valve amplifier. The problem to 
be resolved is the determination, for the vidicon and 
for the image tube with cathode, of the amount of 
light flux required from the object to produce an 
acceptable image of a low contrast scene. The lower 
limit of contrast which can be detected by the vidicon 
is also to be determined. 
This work relies heavily on many results of circuit 
and electronic device noise theory and therefore a 
comprehensive but concise account of this theory is 
given in Chapter 2. This general noise theory is 
presented to show how the limitations of vidicon performance 
depend upon the physical properties of the components of 
the amplifier and upon the operating temperature and it 
allows ready extension to other operating conditions not 
specifically treated in this thesis. 
Sec. 1.2 
1.2 General Characterization of Imaging Systems 
A complete imaging system may contain many complex 
elements^ all of which degrade the image resolution in 
one way or another. For example, the optical telescope, 
image tube and the photographic plate each represent 
elements of a system which process the light signal from 
the object and finally present a degraded image to the 
eye. 
It is desirable to fomulate a unified treatment of 
the whole system such that resolution and signal to noise 
performance may be discussed in general terms without 
resorting to detailed description of any one device. 
Such a formulation based upon linear system analysis 
has been given by Rindfleisch and Willingham (1966) . 
These authors assume linearity, which means that the 
system must satisfy the principle of superposition; that 
is, the output response due to one input is independent 
of other inputs. More precisely a system is linear if, 
and only if 
H (ax + 3x ) = aHx -f 3Hx 1 2 1 2 
where a,3 are any constants. 
X ,x are any input signals 
1 2 
and H is such that the relation y = Hx means that y is 
Sec. 1.2 
the response of the system to the input x. Obviously 
the type of system under discussion is nonlinear for 
large signals, but the assumption of linearity is valid 
for low contrast scenes. 
The other assumption made is that a sine wave spatial 
input brightness distribution will result in a sine wave 
spatial output brightness distribution of the same 
spatial frequency. The output signal, S, may be expressed 
as an inverse Fourier transform:-
00 CO 
S = al /dk / dk G(k ,k )H(k ,k )B (k ,k ) 
y ^ X y X y s x ' y 
where 
B (k ,k ) = Fourier transform of the spatially 
s X y 
varying brightness distribution. 
= spatial frequency components, 
G = transfer function of the system, 
H = transfer function of the eye. 
I = uniform intensity level of output, 
0 
and a = gain of system for low spatial frequencies 
In this context, transfer function means the Fourier trans-
form of the response to a unit impulse or Dirac delta 
function. 
If the random brightness of the system (system noise) 
is evenly distributed over all spatial frequencies with a 
Sec. 1.2 
constant mean square brightness Nq per unit spatial 
frequency then the r.m.s. brightness output distribution 
Nr.m.s. is given by 
Nr.m.s. = lo • o 
_ — OO — CO 
From these relations the signal to r.m.s. noise ratio 
can be found and minimised by varying the spatial 
frequency response of the system or of the observer to 
amplify those spatial frequencies which are in the scene 
and to attenuate those spatial frequencies which con-
tribute noise but little signal information. These 
techniques are a standard application of linear systems 
analysis (for a full discussion refer to Schwartz and 
Friedland (1965) ). 
An equivalent analysis can be made in terms of the 
electrical signal and random electrical noise in the 
video channel of a television camera. In this case the 
spatial frequency components above would be replaced by 
real frequencies in hertz and Nq would become the mean 
square noise current per unit bandwidth (1 Hz). 
In either case No is dommonly called the power 
spectral density in analogy to a random current i flowing 
through a resistance of 1 ohm dissipating Nq watts. Whether 
or not power is involved the term power spectral density 
Sec. 1,2 
is used throughout this thesis to denote the mean square 
value of a random variable per unit interval of its corres 
ponding independent variable. 
In principle then, the small signal performance of 
an imaging system can be specified by measuring the 
overall spatial frequency response and the system noise. 
Such measurements have been made on a commercial 
vidicon camera and are described in Chapter 4. 
Sec. 1.3 
1.3 Outline of the Thesis 
The limitation of the infrared vidicon due to circuit 
noise is closely examined in this thesis and various types 
of amplifier are investigated to find the improvement 
possible by operation at low temperatures or at slow 
scanning rates. 
A full discussion of circuit and device noise theory 
is given in Chapter 2 because the author considers it 
better to present full arguments in support of the work 
rather than to quote many isolated references. 
Measurements have been taken of the light equivalent 
noise input for a G.M.B.H. type 2000 infrared vidicon, 
an R.C.A. type 7735 A visible spectrum vidicon and an 
R.C.A. type 6914-A image converter. Spatial frequency 
responses of the vidicons have also been measured. The 
experimental methods and results are described in Chapter 4. 
Chapter 3 develops the theory of the limitations of 
imaging photon detectors due to photon noise or circuit 
noise. The minimum detectable contrast due to the 
limited dynamic range of the vidicon is also discussed. 
The experimentally determined quantities of Chapter 4 
are substituted into the theoretical equations of Chapter 
Sec. 1.3 
3 in order to find the light flux required by each 
detector for a given scene contrast. The results are 
presented in graphical fom in Fig. 3.4 which shows 
the limiting perfomance of these devices and the 
bounds of performance for other image tubes. 
The arguments used in this thesis involve only 
the gross characteristics of the commercial devices. No 
attempt is made to discuss the detailed mechanisms of 
operation and possible improved designs and methods of 
construction. For those interested in these detailed 
mechanisms. Rose (1963) gives a very readable account of 
photoconductivity with descriptions of various trap and 
recombination models which account for the observed 
light intensity response characteristics of photo-
conductors. The response of photoconducting imaging 
devices with floating electrodes (including the vidicon) 
is discussed by Sommers (1963) who gives formal conditions 
required of the photoconductor to obtain a gain on read-
out. However, no photoconductive gain has been achieved in 
commercial vidicons. The resolution of vidicon tubes is 
discussed by Krittman (1963) and by Lubszynski and 
Wardley (1963). 
Other scanned T.V. image tubes such as the image 
orthicon are not treated here. Although they are capable 
Sec. 1.3 
of operating at lower light levels than the vidicon^ they 
are unsuitable for low contrast scenes due to high beam 
current noise in the small signal region. Further details 
of these and other imaging devices may be found in the 
review papers of Weimer (1960) and Livingstone (1967). 
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2.1 Circuit Theory of Noisy Two Port Networks 
In this part of the work it is proposed to treat the 
circuit theory of noisy two port networks, physical 
sources of noise, and the application of circuit theory 
to the problem of selecting the optimum driving impedance 
to obtain best signal to noise ratio. The effect of 
feedback on noise performance of a circuit will also be 
discussed. 
2.1.1 Peterson's theorem 
Peterson's theorem (Montgomery, 1952) states that 
the performance of a noisy linear two port network may 
be described completely by the addition of two noise 
generators to a noise free network which is otherwise 
equivalent. Montgomery gives a simple proof for the 
case where the two noise generators are voltage generators 
(of zero impedance) in series v/ith the input and output 
respectively. 
Montgomery considers three linear networks N , N , N 
1 2 3 
(see Fig. 2.1) which have identical transmission properties 
in both directions for external signals. The networks N 2 
and N are noise free. Voltage generators v , and v give 
3 1 2 
open circuit voltages at the input and output terminals 
identical to N . Therefore by Thevenin's theorem N and 1 1 
N must supply identical currents to the same terminating 
2 
N o m ^ VNetvs/ork-
(a) cb> 
CO 
FIG. 7.-2. STAsMOA-R-D FOR.MS OF E.QU»VA.\-E.NiT 
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impedances. Voltage generators v and v are made 3 H 
statistically equivalent to v and v ; hence they must 
1 2 
supply statistically equivalent currents to the same 
terminating impedances as does N^. It follows that N̂  
and N^ must supply statistically equivalent currents to 
the same terminating impedances and therefore the noise 
performance is equivalent. This proves the theorem for 
this case. 
The extension of the two voltage generator form of 
the theorem to an équivalent voltage generator and a 
current generator (of infinite impedance) at the input as 
shown in Fig. 2.2 is easily derived by standard network 
theory using mesh equations to show their equivalence. 
(See for example Rothe and Dalke 1956). Further theory 
relevant to the noise equivalent circuit of Fig. 2.2(c) 
is developed below, because this is the most important 
case in practical applications. 
2.1.2 Correlation between the noise generators 
In general the noise sources v and i of Fig. 2.2(c) 
will be partly correlated. Rothe and Dalke (1956) express 
this correlation by 
i = iu + • <2.2) 
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It can be seen from equation (2.1) that the noise voltage 
is divided into two parts. The first part v^ is not 
correlated with the current generator and the second 
part is fully correlated with the current generator. 
Similarly from equation (2.2) the noise current is 
divided into one part i^ not correlated with the voltage 
generator and the second part vY^^^ which is fully 
correlated with the voltage generator. Clearly and 
^cor ̂ ^^^ have the dimensions of impedance and admittance 
respectively. 
2.1.3 Correlation coefficient 
The correlation coefficient is commonly used as a 
measure of the correlation between two generators. By 
definition the correlation coefficient k is equal to 
the normalized covariance 
^ = Cov.(v,i) (2.3) 
V i 
where ^̂ r̂ ĵ  ̂ ^^ "the standard deviations of v and i. For 
noise sources with no mean value 
h 
Now 
K = I^/iJTT^.'lTp') (2.4) 
where v* is "the comp/ex- covnjugate of v. 
2cor = 
••• W = i^*/ i (2.5) 
V 
/Ov ^ 
-pJ Vcor Çp̂ u T —̂cor 
ce) 
FIG. 2-3 E.QUVVA>s,\_EMT MO\Sïl, OR.CU\TS WITH 
UKICOÏ2.Q.EUA.TE.O SOÜÍ2.CZ.S 
/TN ' ¿ ù ^ à -
T 1 
(a) 
Cb) 
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Similarly 
= = i*v/|v|' . (2.6) COJ. 
wheve L* ii> fhe cov^plex Conjugcx'+e c'f i. -
2.1.4 Equivalent uncorrelated generator circuit 
Using the equations (2.1), (2.2) to replace the 
partly correlated noise generators v and i of Fig. 2.2(c) 
results in the equivalent circuits of Fig. 2.3. These 
circuits are easily shown to be equivalent by calculating 
the input current to the terminals 1,1 for any general 
impedance termination at a,a. Note that Z^^^ and 
are noiseless. 
Thus we now have two possible equivalent circuits, 
either Fig. 2.3(b) or Fig. 2.3(c) which have all noise 
sources located at the input to the noiseless network. 
The appropriate noise generators (v^, i or v, i^) are now 
totally uncorrelated. 
2.1.5 Connection of an input signal 
In normal operation a signal source is connected to 
the input of the noisy tv70 port network. If the signal 
source has an internal impedance Z = R + jX or admittance s s s Y = G + jB then the circuits of Fig. 2.3(b) and (c) s s s 
become those of Fig. 2.4(a) and (b). In Fig. 2.4, (T) 
denotes the noise temperature of the source at the input, 
(due to R or G ), which contributes an uncorrelated voltage s s 
e or current i at the positions shown, s s 
o . 
V 
O 
J Y cor 
u 
'u -Y cor 
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2.1.6 Measures of noise performance 
The signal to noise performance of the circuits of 
Fig. 2.4 require some definition. The objective is to 
find a generator impedance which results in a 
minimum of the ratio P defined by 
P = total noise output power 7) 
signal output power 
The signal input amplitude may itself be a function of 
generator impedance. For example if a transformer is 
used at the input then Te P" « R and ^^eTTZTTTT^ ^^ ^ s s signal s 
where R^ is the transformed generator impedance looking 
back into the secondary winding of the input transformer. 
The signal power in equation (2.7) can be replaced by the 
noise power of R as these quantities are directly proportional 
in this case. Equation (2.7) then becomes 
F = total noise output power noise output power due to the thermal noise of Z^ 
(2.8) 
The usual definition of noise factor is given by equation 
(2.8). However, equation (2.7) is more general and it can 
be applied to a wider range of circuits than equation (2.8). 
2.1.7 The problem of maximizing signal to noise power 
Consider now the equivalent circuit of Fig. 2.5 where 
î  is a current generator in parallel with Y representing I s 
the input signal. The noise current of G is represented 
by the current generator i^ and Y^^ is the admittance 
looking into the terminals 11 of the noiseless network. 
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Then 
i 
(i + + i )Y v.Y (Y + Y ) U' 11 
11 Y^ + Y s 1 1 
l i s 
Y + Y s 1 1 
cor' 
Because all terms are uncorrelated therefore 
2 _ 
+ v^ Y (Y + Y ) 11 s cor' 
11 Y + Y s 1 1 
Thus 
P total noise power signal power 
+ i": s u' Y ^ + v^ 11 l i s cor 
(2.9) 
11 
i^ + i2 + v2f(G + G + (B + B s u ^ s cor' ^ s cor' J 
(2.10) 
(2.11) 
. (2.12) 
This expression will now be applied to three particular 
cases. 
Case 1 Input voltage proportional to v^ or i oc . S o o 
This case covers circuits in which an impedance trans-
formation can be made by an input transformer of variable 
turns ratio. Example: Radio communication circuits. 
Case 2 Input voltage independent of input impedance 
(constant voltage source). 
Examples: Photovoltaic cells, thermocouples. 
Case 3 Input current independent 6f input impedance (con-
Sec. 2.1 
stant current source). 
Examples: Nuclear Detectors, Photoemissive cells, Vidicons. 
Case 1 Input voltage e « oc 
s 1 s 
For this case equation (2.12) becomes 
p . 4 kTG^ H- ̂ ((G^ ^ G^^^)^ H- (B^ ^ B^^^)^} 
S 
if, + ^ f (G + G + (B + B P « 4 kT + ^ s cor^ J ^^ 
One condition for a minimum of P is that 
8B~ ° (2.14) s 
which requires that B^ = Substituting this into 
equation (2.13) gives 
if̂  + V M G + G ) 2 P a 4 kT + ^ s cor' m G s 
The second condition for a minimum is that = 0 which o G s 
requires 
2 G .v^(G + G ) = i^ + v^(G + G s s cor' u ^ s cor' 
.'.G = s ^ + G ^ (2.15) 
Case 2 Constant input voltage independent of input impedance 
It is assumed that a transformer cannot be used; other-
wise infinite signal to noise ratio could be obtained. The 
FIG. 2-e E:QUVV/\UeMT MO\Se C\V5.CVJ\T W\TH 
CONSTANT VOUTKGiE. \MPUT 
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most appropriate circuit for this case is given in Fig. 
2.6 (cf. Fig. 2.4b). 
® e + Z) 
Here i = ^ + ^ + ^ + ^^^ ^ 11 Z + Z ^ Z + Z ^ Z + Z ^ Z + Z s 1 1 S 11 s 1 1 S 11 
(2.16) 
p _ total noise power 
signal power 
^ + v^ + (R + R ) 2 + (X + X ) e n V ̂  o r^r^-y' ^ c r'OT" / 
e^ 
or P cc 4 kTR^ + ^ + + R^^^)^ (x^ + X^^^)^). 
(2.17) 
= 0 for X = -X , and substituting this in equation 9X ~ '̂s "cor s 
(2.17) gives 
P oc 4 kTR + + R m s u s cor 
8P 
This is minimum for ttt̂  = 0, that is when 
R = -R - ^ . (2.18) s cor -ry 
Because R is restricted to non negative values and because s 
R is positive or zero for the cases considered, there-cor ^ 
fore P is minimum when R is zero. That is, there is no s 
advantage gained by inserting any resistive component 
of Z in series with the input generator, s 
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Case 3 Constant current generator 
From equation (2.12) 
±2 + ±2 + v^fCG + G + (B + B 
P = u L . ^ cor c o r ^ ^2.19) 
1 
For i constant 
1 
P oc 4 kTG + + v^i(G + G ) ̂  + (B + B 
s u ^ s cor' ^ s cor J 
3 P From the condition jg— = 0 we have 
s 
B = -B 
s cor. 
From the condition = 0 we have 
oG 
s 
Go = - — • (2.20) s cor —T V 
From these equations it is seen that for positive or 
zero any conductance shunting the source decreases the 
signal to noise ratio. 
2.1.8 General remarks 
In the following work it is assumed that the signal 
to noise performance of cascaded amplifiers is determined 
by the first stage only and that the gain of this stage 
is much greater than unity when the generator impedance is 
at optimum value. These assumptions avoid analytical 
complexity in applying the extended noise factor of Friss 
2h 
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(1944) and the difficult general theory of Haus and 
Adler (1959) and yet they apply to many practical 
situations. It should be remembered however that Haus 
and Adler (1959) have shown that any arbitrarily large 
gain may be obtained by cascading amplifiers of low gain 
with the same overall signal to noise performance as that 
of a single stage. It remains to discuss the effects 
of negative feedback on the signal to noise performance 
of a single amplifier of high gain. 
It is a well known result that usually the effect 
of feedback does not alter the signal to noise performance 
(except for the added thermal noise of the feedback 
components) nor the value of the optimum generator 
impedance required for best signal to noise ratio. The 
conditions under which these results are true are discussed 
in the next section. 
2.1.9 Effects of negative feedback in signal to noise 
performance 
Bogner (1965) shows that the noise performance of an 
amplifier and its optimum generator impedance are sub-
stantially unaffected by negative feedback. 
However, the feedback components generally add a small 
component of thermal noise to the input and hence best 
noise performance is obtained without feedback on the 
FeedboLclc corr\bir\\r\<̂  Mo i s y owpl'i-ficr 
ne twork . 
M e-oi-sor-ioc^ 
J L- I I 
2 - 7 CIÎ5.CÛIT o r FE.E.DB»KC\<. A . M P U \ r \ e R . 
e j 
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f ' 
Eo 
1 
J 
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first stage. Nevertheless other considerations such as 
gain stability, input impedance or required bandwidth may 
still require the use of feedback on the first stage. 
An outline of Bogner*s proof is given here. Feed 
foirward through the system is ignored. Fig. 2.7 shows 
the generalized circuit of a feedback amplifier. 
The matrices a 3] represent the feedback combining 
network which combines part of the output I , E with 
0 0 
the input I. , E. , while E , represent the noise con-
^ in in a a ^ 
tributed by the feedback combining network. 
From Fig. 2.7 
"e " 'e + E " 
0 = [A] 1 n (2.21) 
I I + I 
0_ 1 
where 
E 
a 
E. 
in 
I. 
in 
+ 
E 
+ 
E 
and E^^ and are input signals. 
Substituting for 
E 
(2.22) 
in equation (2.21) gives 
"e "e. 'e ' 'e E J 0 
= [A]. [aj 
in 
+ [3] 
0 + n + a 
I I. I I 
o_ 0 n a 
(2.23) 
<5> X " 
o X 
O 
•TN 
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The equivalent system of Fig. 2.8 is described by 
the equation 
E E. in E'1 E " 0 = [A], [a] + [a] n + [3] 0 I I. in I' I _ 0. n 0_ 
(2.24) 
for input signals E. and I. . Equating equation (2.23) H* 
to equation (2.24) gives 
a 
[E'I "E 'E n n + a — 
I' I I n n a (2.25) 
Equation (2.25) shows that these equivalent noise generators 
are independent of [3] and therefore independent of feed-
back. 
The noise generators E^, of Fig. 2.8 may be compared 
directly with the input signals ^in' However, it is 
often more convenient to consider that both signal and 
noise are transformed by a This is illustrated in 
Fig. 2.9 and is equivalent to comparing the transformed 
signal with the original noise generators of Fig. 2.7. 
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2.2 Physical Sources of Noise 
The circuit theory of noisy networks is given in 
the previous section (2.1) in terms of equivalent noise 
voltage and noise current generators at the input of a 
noiseless network. It is the purpose of this section 
(2.2) to describe the physical origin and magnitude of 
these equivalent noise generators for valve, transistor 
and field effect transistor amplifiers. 
2.2.1 Types of noise 
Shot noise Shot noise is caused by a series of short 
independent events such as single electrons or discrete 
groups of charges applied to a circuit. Each event may 
be assxnaed to deliver an impulse of current with constant 
power spectral density, W . The power spectral density 
0 
is given by 
OO 
W^(co) = / r du. 
CO 
The autocorrelation function r for the impulse is X 
r^ = W 6 (t) 
X 0 
where 6(t) is the delta function. The power spectral 
density as measured in the laboratory is 
W (cd) = 2W = 2n q^ (2.26) X 0 
where n is the average number of events per unit time 
/F 
© / i 
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and q is the charge per event. 
W^ = 2 I^q (2.27) 
where (=nq) is the average current. It follows that 
the shot noise current i^ is given by 
i^ = 2 1 qdf. s 
The pov/er spectral density of the shot noise at the out-
put of a linear system is given by 
Ŵ ^ (o)) = 2 I q.lH ^ (2.28) y 0 
where H is the transfer function of the linear system. 
Thermal noise Thermal or Johnson noise occurs when there 
is a large concentration of charge carriers and is due 
to the random thermal motions of the charges. For a 
resistance in thermal equilibrium with its surroundings 
at temperature T degrees Kelvin the available open circuit 
noise voltage is given by one form of Nyquists theorem as 
v^ = 4 kTR df (2.29) 
V7here df = the frequency interval in Hz 
k = Boltzmans constant = 1.38 x 
T = temperature, K. 
Equivalent circuits are shov7n in Fig. 2.10. 
From Fig. 2.10 i^ = 4 kTG df where G = If this K 
«4> \0 OlT>pS 
SKot 
âioae 
\ I 
C« -lo O y ? 
X 
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noise source is applied to a circuit with a transfer 
function H the noise output is given by 
W^(a3) = 4 kTRdf|H|2^ (2.30) 
Flicker Noise Flicker noise occurs in devices through 
which a d.c. current is flowing. There is no satisfactory 
theory for the effect which has a frequency spectrum 
approximately proportional to ~ and is therefore some-
times called ~ noise. It appears true that as manufacturing 
techniques improve the flicker noise of all devices tends 
to be relegated to progressively lower frequencies. 
Generation-Recombination noise In addition to the 
resistive thermal noise of semiconductors further noise 
occurs due to fluctuations in the number of charge 
carriers present due to random trapping or release of 
charge carriers. 
Other sources of noise will be discussed for particular 
devices as they are considered below. 
Example The example illustrated in Fig. 2.11 will serve 
to clarify the previous remarks. 
The shot noise current i^ = 2 I qdf. This current s 0 
flows into the impedance (R in parallel with C) to 
generate part (e ) of the output voltage. The transfer 
o 
function H| in this case is therefore 
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R . 
H = Z = 2aLC 
DCDC 
= 2 I qdf. Z ̂  s 0 
= 2 1 q. ^^ df . (2.31) 
° 1 + 
The total shot noise integrated over all frequencies is 
then 
ê  = L 
2Tr 
9 a> 2 I qR^ 
1 + Oî Ĉ R̂  
. do) 
2 I qR^ ^ I qR 
2tt 2RC 2C 
= 10-^ X 1,6 X 10-1^ X 103 ^ ^^ ^ ^ 
2 X 10"^° 
The thermal noise voltage e^ = 4 kTRdf is applied to the 
series circuit R in series v/ith C. The thermal noise 
output voltage is that developed across C and the transfer 
function to be used here is 
1 
H ja)C 
^ R + .l jojC 
It should be noted that this differs from the parallel 
circuit transfer function used to calculate the shot noise 
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. • . il = 4 kTRdf. H t a 
= 4 kTR. . df . (2.32) 
1 + R^OJ^C^ 
The total thennal noise integrated over all frequencies 
is then 
00 
2 4kTR 
^t(T) 2 7 r 1 + co^R^C^ 
. do) 
4 kTR 77 _ M 
2 IT 2RC ^ 
for T = 300 OK. 10 - 1 0 
Because the shot noise and thermal noise are totally 
uncorrelated 
2 2 2 
(T) " ^s(T) ^t(T) ̂  
/12 X 10-11 = 1.1 X 10-®V(rms) . 0 \ J- / 
In some cases we are not so much concerned with the 
total noise as with the noise at a particular frequency. 
The power spectral densities for the shot and thermal 
noise of this example are given by equations (2.31) and 
(2.32). It is seen that for this case they both have 
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the same frequency dependence due to the coininon term 
1 
1 + 
2.2.2 Noise in thermionic valves 
(i) Noise in a space charge limited diode 
Space charge reduces shot noise below its normal 
value by acting as a velocity dependent gate which 
smoothes the fluctuations due to variable emission 
velocities. The space charge noise power spectral 
density is expressed as 
= • = 2 (2.33) 
where P^ represents the smoothing factor. North (1940) 
shows that for anode currents v/ell below saturation 
r̂  = 
- V 
where k = Boltzmans constant 
e = electron charge 
V^ = anode volts a 
V^ = minimum potential in space charge 
and Tĵ  = cathode temperature. 
Neglecting V^ 
_ 9(1 -
^ iV • (2.34) a 
© 
Spo.ce. 
cKoir̂ e 
dliocte 
sc 
Sec. 2.2 
from equation (2.33) 
21 .9(1 - I) .k.T, 
2 — 0 4 K S c = - V ' ^ • (2.35) 
a 
Introducing the diode conductance, 
dl ^ I 
CT = L ^d dV 2 V 
equation (2.35) becomes 
= 4 kg^(0.64)T^ . (2.36) 
The mean square noise current is thus the same as the 
thermal noise available from a conductance g^ operating at 
a temperature of 0.64 T^. This equivalence is shown in 
Fig. 2.12. Although diodes are not used as low noise 
amplifiers the theory applies to the triode with little 
modification. 
(ii) Space charge limited triode 
Shot noise It follows from the theory of the space charge 
limited diode that the suppressed shot noise for the 
triode is given by 
i^ = 4k(0.64)T, G df (2.37) 
J ^ XXL 
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where G = m av- is the mutual conductance. Referred V 
to the grid of the valve this noise current would be 
equal to the full thermal noise voltage produced by an 
equivalent resistance R (S), i.e. eq 
0.64 T, 
4 k(0.64)T, G k m 
(2.38a) 
m 
= 2.2/G_ for T. = 1000 K and T = 290 K m ic 
(2.38b) 
Flicker Noise A good low noise valve has a flicker noise 
current of approximately 
:i| = -A 
X 10"^^ 
A^Hz (2.39) 
The equivalent noise resistance referred to the grid is 
(2.40) 
X 10"^^ 
R (f) = — 
^^ fx 4kT G^ m 
Because i a 
it follows from equation (2.40) that 
R (f) a oc G^ eq a m (2.41) 
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for a given valve structure. 
The frequency at which flicker noise equals shot 
noise is given by 
- = — • (2.42) f 4kT G^ G m m 
f = . (2.43) 
2.2 X 4kT G m 
For example if = 1mA, G = ImAV then f = 3 kHz while a m 
- 1 if = 10 mA, = 10 mAV then f = 30 kHz. a m 
Grid current noise The various components, i^, of grid 
current,! , each contribute full shot noise, g 
d7 = 2q5: ig = 2qlg (2.44) 
where is the sum of the absolute values of the components 
The grid voltage developed by this current flowing in a 
grid circuit resistance of R is ^ g 
The equivalent thermal noise resistance R^^ is given by 
4 kT R = 2ql R2 . eq ^ g g 
2ql r2 
^eq = 4kT ̂  • (2.46) 
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From equation (2.46) the grid current noise equals the 
thermal noise of R when 
g 
n; X 1 
^ D ^ ^^^ T = 300 K (2.48) 
g 
= 500 M for I = O.lyA. 
g 
It should be noted that grid currents in valves are 
not well defined and can change during the life of the 
valve. The only reasonable design approach is to use a 
maximum figure for grid current as specified by the 
manufacturer. An approximately limiting value of grid 
current due to soft x-ray emission is given by 
V7e now summarize the arguments to this point for 
practical triodes at operating frequencies where transit 
time is negligible. 
o o 
The shot noise equivalent thermal resistance 
ranges from 2200^ to 45Q, at T - 300 K. 
The grid current noise is small compared with thermal 
noise for low grid circuit resistance (< 250 for I < 10~^A) . g 
2 
Co> 
Gvidl 
& 2 
c m S H S ^ 
f O 
•w 
.2 
cb:) 
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The grid current noise should however be compared with shot 
noise in problems involving noise factor i.e. where the 
input signal «c When this is done grid current noise 
becomes significant at much lower grid resistances (- lOM) . 
If low frequency amplification is required the 
flicker noise predominates and from equation (2.41) low 
plate current operation will give best results. 
For frequencies above the flicker noise region the best 
valve is one which has high G^ and low [from equations 
(2.38 and (2.45)]. Two typical examples are given in the 
following table. 
Type G^(mAV-M I (mA) a I (A) g 
EClOOO 14 14 10-® 
E810F 50 35 10"^ 
The equivalent noise circuit of the triode is shown 
in Fig. 2.13(a) which applies at frequencies where the 
interelectrode and Miller effect capacitances are neglected. 
[Miller effect capacitance may be eliminated by "cascode" 
connection of two valves or two transistors as described 
by Cherry and Hooper (1968)]. Fig. 2.13(b) is the 
equivalent circuit in the general form of Fig. 2.2(c). R^^ 
is the input resistance of the valve. In Fig. 2.13 the 
shot noise is given by e| = 4kT R^^(S) [where R^g(S) is 
given by equation (2.38)]. The flicker noise is given 
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by e| = 4 kT R^gif) where R^gCf) is given by equation (2.40) 
The grid current noise is given by 
i^ = 2ql [see equation (2.44)] JL M 
Neglecting flicker noise e| of Fig. 2.13(b), it is 
seen that î  is the only component of current fully 
uncorrelated with the noise voltage generator e^. The 
remaining component of current ̂ ^ is fully correlated K. 
1 1 
to the voltage generator e . From equation (2.2) it 
follows that Ŷ QJ. = The results of Section 2.1.7 
11 
can now be applied. If for example the input voltage is 
proportional to /R~ then equation (2.15) shows that the 
minimum noise to signal ratio is obtained for 
^s = + G V r cor 
From Fig. 2.13(b) i^ = î  and v^ = e^ giving 
G = s ^ + G ^ . (2.49) 
If G = 0 then on substituting 4kT R (S) for e^ and 11 ^q s 
2ql for from equation (2.44) in equation (2.49) g 1 
4kT R iS) ^^ 
2qlg 
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Substituting for R (S) from equation (2.38a) we have ecj 
R =: /41LJL640 ^ ^ ^ 
(iii) Multigrid valves 
In addition to the suppressed shot noise of the 
anode current, partition noise occurs in a tetrode or 
pentode because an electron may be captured by the 
screen grid or it may pass to the anode or next grid. 
Obviously partition noise is reduced in grid aligned 
structures. For the pentode. Van der Ziel (1954) gives 
the additional partition noise as 
= - — ^ ^ where I = screen current . 
P ± + ± 2 ^ a 2 , 
When I >> I we have 
a 2 
- 2ql (2.50) 
P 2 
which is the full shot noise of the screen current. If 
R^g(p) is the partition noise equivalent thermal resistance 
referred to the grid then 
4kT = 2ql . eq ̂  ^m ^ 2 
2ql 
^ m 
1+0 
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Req(p) 2ql The ratio M of ^ ^ = g % 3 
eq m 
I 
i.e. :m- 10 ̂  at T = 300 K . 
m 
If now we let I = 0.2 I v/hich is a reasonable prac-2 a 
tical value for non aligned structures, then 
M- pr^ - 2 
for I = 10 mA and = 10 mAV . a m 
In this example the partition noise is twice the suppressed 
shot noise and increases inversely as G^. 
(iv) High frequency valve noise 
+ e| 
At higher frequencies the current generator — — 
11 e^ + e| 
of Fig. 2.13 must be increased to — where Z is . 7 2 1 1 
the input impedance at the grid. For moderate frequencies 
and resistive plate load^Z^^ consists of R^^ in parallel 
with an input capacitance 
^ = i- (1 + R ^w^C.M (2.52) 2 2 R 2 11 in 
11 11 
(v) Higher frequency valve noise (transit time effects) 
As the frequency increases the input conductance 
, 2 
g¿ s ^rtd 'mpot 
corxdlo c"Vor>c e 
TRKMS\T TIME. E-Fre.CTS 
. 2 
F\G. -Z-VB NOISEI OP 
b o @ — V \ A 
«̂b 
<2> 
in »ô e 
F\G. 2-16 ElQUWAUE-bAT C\«.CU\T OF 
T R SXOR. 
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increases and also a further noise source is added, due to 
induced currents flowing into the grid. This additional 
noise source is approximated by a noise current [refer 
Aldous (1961)] of 
i^^ = X 1.43 g^. (2.53) 
This is illustrated in Fig. 2.14. 
2.2.3 Noise in junction transistors 
The noise currents are those of the two diode 
junctions foirming the transistor. [Refer to Van der Ziel 
(1958), Van der Ziel and Becking (1958)]. A noise model 
of the intrinsic transistor is shown in Fig. 2.15 where 
X = emitter current, e 
I = collector current, 
I = collector base leakage current, c 0 
a = d.c. current gain, 
I, = base current, b 
We then have 
= 2qa I = 2q for << and a - 1 (2.54) 1 . e c c 
= 2q(Ib + ^co) ^2.55) 
= 2q I • (2.56) 3 ^ CO 
b o  
>o(T2 
'in 
o .2 
JU. 
FIG. 2-17 MO\SC. C\R.CU\T 
AA/V 0 -
. 2 2 
S •'̂ e Noise le&s 
A 
F\G. "TRKKSÏSTOR. n o i s e : Clï^CUVT 
h2 
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The equivalent circuit including the extrinsic base 
resistance r, is given in Fig. 2.16 (B is the small " 0 
signal low frequency common emitter current gain). Flicker 
noise generators are not included in Fig. 2.16. For 
silicon transistors the leakage term I may be neglected Co 
inequations (2.54), (2.55) and (2.56). The noise 
circuit (Fig. 2.16) for silicon transistors then becomes 
that of Fig. 2.17. 
The equivalent noise circuit in the standard form of 
Fig. 2.2(c) is then as shown in Fig. 2.18. The 
capacitances have been omitted as we are not interested 
in the higher frequency noise performance at this stage. 
The generators shown indicate mean square values. 
The combined, voltage generator 
^ ^rb ^ 
= e^^ + 2q I^r^ (2.57) 
by substitution from equation (2.54). 
The combined current generator 
i^ E i^ + -i. 
0 « 2ql. = 2ql, + (2.58) 
p 
0 
by substitution from equations (2.54) and (2.55). The 
o V W ^ - © 
2 
r \ G . L O W 
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second term of equation (2.58) is much less than the 
first and it will be neglected. 
The final low frequency noise equivalent circuit 
(neglecting flicker noise) is shown in Fig. 2.19. In 
contrast to valve equivalent circuits, the current source 
of transistor equivalent circuits is reasonably well 
defined and low noise equivalent circuits for transistors 
(excluding flicker noise) are more predictable than is the 
case for valves. 
It is assumed that the generators of Fig. 2.19 are 
uncorrelated. This is a reasonable assumption because 
Crawford (1965) has shown that at low emitter currents 
the correlation coefficient K is given by K = 1//3 which 
is small. The results of Section 2.1.7 can now be applied 
to Fig. 2.19. For example when the input signal voltage 
y 
is proportional to R minimum noise to signal ratio is 
obtained for the value of R corresponding to equation (2.15) s 
VIZ . 
'jT 
V 
H. + G ^ z cor 
2 
= because G^^^ = 0. 
Sec. 2.2 
The following values for , taken from Fig. 2.19 
are v^ = e^ = 4kTr, + 2ql r^ and i^ = p " = 2ql^. On 
b ^ c e u ^ b 
substituting these values, we find that 
R = s 
4kTr, + 2ql r'̂  b ^ c e 
2q lK 
4kTr, I r^ b c e 
If now we let ~ then 
R = s t 
4kTr, 
2ql, e 
.•. R r /3 s e 
4kTr, 
because — is << in the low noise region. 2ql^ e 
The noise factor F of the transistor follows from the 
definition of F given in equation (2.8) by substituting 
the thermal noise 4kTG for i^ and for i^ in equation (2.12) o X o 
The result is given by 
i^ + v^((G + G + (B + B _ _ T , u ^ s cor' s cor' ^ r — J. + — — — 
4kTG s 
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As the generators of Fig. 2.19 are uncorrelated = 
B = 0. Furthermore, at the low frequencies considered 
X. 
B^ = 0. 
i^ + v^ G^ 
F = 1 + ^ 4kTG s 
Letting R = 1/G , we find that s s 
R^ + v^ 
^ = 1 + ^ T O R • (2.61) 
s 
On substituting in equation (2.61) the following 
values for the generators as shown in Fig. 2.19 
u ^ b 
and v^ = e^ = 4kTr, + 2ql^r^ b ^ c e 
and also substituting for R its optimum value R = r 
O O w 
from equation (2.60) we find that equation (2.61) becomes 
^min - "" ^ 
e 
Substituting = gives 
F . = 1 + + — ^ . (2.62) 
^^^ r /F kT/3 
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kT On substituting r = , equation (2,62) becomes 
^ c 
e 
To obtain low noise operation the transistor must have 
high 3 and be operated at low current. Also r, should be D 
small. 
To a first approximation the frequency response is 
given by 
"" (3db) " 
where cô  = transistor a cut off frequency. Therefore 
the requirements of low noise operation limit the frequency 
response. 
We now consider transistor noise at high frequencies. 
Since the input impedance of the transistor decreases 
If with frequency the noise current generator —¡j of Fig. 
2.18 must be increased to maintain the noise i^ at the 1 
output. This current generator becomes 
¿2 
i^ = ^ (2.64) 
Z . in 
where Z^^ is the input impedance at the base ^vhich is 
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a resistance in parallel with an input capacitance 
C ^ ^ , for resistive collector loads). The output generator 
^ m u s t therefore be increased by the factor 
0 
— ^ = 1 + cD^c.^ . (2.65) 
2 2 e in 
in 
If Miller feedback capacitance is neglected (e.g. "cascode" 
operation) 
C. = - i -
in (A) r 
1 e 
where ^^ is the gain bandwidth product of the transistor 
and the above factor becomes equal to 
2 , 
6(0 
1 
(2.66) 
The flicker noise of the best available transistors 
starts to become significant at about 1000 H z . 
2.2.4 Comparison of valves and transistors 
The voltage noise source of the valve can be of the 
same order as the voltage noise source of the transistor 
for high G ^ valves. This can be seen by comparing the 
valve noise voltage generator of equation (2.38b) with the 
• -f- 2ql r^ 
b ^ c e transistor voltage noise generator e^ = 4kTr, -f- 2ql r^ of 
Fig. 2.19. 
The equivalent current noise source of a valve is 
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generally much less than the current noise source of 
the transistor. (Grid current is much less than base 
current). It follows, therefore, that the optimum source 
impedance required for minimxim noise figure (signal input 
« is higher for the valve than for the transistor. 
For constant voltage inputs, where a transformer 
cannot be used, the valve and transistor can give the 
same performance if high G^ valves are used. 
For constant current inputs the valve will give 
better performance than the transistor because its noise 
current is lower. 
2.2.5 Noise in field effect transistors 
In insulated gate F.E.T.'s the flicker noise pre-
dominates up to very high frequencies and these devices 
are not yet useful for lov7 noise circuits. However, 
junction F.E.T.'s are relatively low noise devices and 
their noise characteristics v/ill nov7 be discussed, 
(i) F.E.T. Themal noise Van der Ziel (1962) shows that 
the limiting noise in an F.E.T. is due to thermal noise 
in the conducting channel. He states that a good approx-
imation for the thermal noise of all types of F.E.T. is 
given by 
i2 = 4kT X I g^ df (2.67) 
where g .= mutual conductance. m 
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(ii) F.E.T. Gate Current noise The gate current of a 
junction F.E.T. is the leakage current of the reverse 
biased diode forming the gate to channel control system. 
It therefore contributes full shot noise which is 
expressed by Van der Ziel (1962) as 
2 -= 2e(I_ + I )df gi gz (2.68) 
where 
-I gi 
92 
current due to holes arriving at the gate and 
electrons leaving the gate. 
current due to holes leaving the gate and 
electrons arriving at the gate. 
The nett gate current I = -I + I g gi ga Sevin (1965) 
states that the gate current of silicon junction F.E.T.'s 
is generally in the range 10"® to Data sheet 
figures for three types are given in Table 2.1. 
Table 2.1 F.E.T. Characteristics 
Type Material Typical 
g^(mA/V) 
25°C 
^ A 
65°C 150°C 
Tlx mSOl Germaniiim 10 6 X 10"^ 
2N4360 Silicon 4 1 X 10 2 X io~® 
2N3823 Silicon 4 2 X 10 
(Selected 
units 
2 xiQ-^^ 
3 X 
S o o r ^ c « . 
C . F F E . C T 
e ! = 
• 2 
F \ G . M O \ S E - O V ^ O O N T O F F . E L T . 
N o V s e \ 
2 
«H: . 2 
F ^ a . 2 - 2 2 M O I S E : C \ T ^ C L > I T O F F . E ^ . T . 
e - T A w K V O A s R O 
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The gate currents of the silicon devices are less than 
valve grid currents at normal ambient temperatures. One 
advantage of F.E.T.'s is that, unlike the valve, operation 
at low temperatures is possible with consequent reduction 
in both thermal and gate current noise. 
(iii) Equivalent Circuit The low frequency equivalent 
circuit of the F.E.T. (neglecting flicker noise) is given 
in Fig. 2.20. The noise equivalent circuit with both 
noise generators at the input is given in Fig. 2.21. 
The noise equivalent circuit in the standard form of 
Fig. 2.2(c) follows from Fig. 2.21 and is shown in Fig. 
2.22. Note that there is full correlation between the 
4 current source and the voltage source ej. For source 
impedances very much less than r the current source —j-
may be neglected. The results of Section 2.1.7 can now 
be applied to Fig. 2.22. The problem is similar to 
that already worked out for the valve and transistor. 
Specifically when the appropriate values of noise generators 
for the F.E.T. are substituted into equation (2.15) the 
source impedance for a minimum noise figure is given by 
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R = 
+ e?/r 
(2.69) 
If r oo then 
g 
R = 
4kT 0.66 
'm 
2el' 
g 
(2.70) 
where I' is the sum of the absolute values of the 
g 
components of gate current. If the typical values 
g = 4mAV'"'' -and I' = 2 x 10"^ ̂A are substituted in ^m g 
equation (2.70) we find R - 600 k^. 
Of the other categories of noise, flicker noise of 
good junction F.E.T.'s starts to become important at 
about 100 Hz while high frequency noise is discussed in 
the next paragraph. 
As the frequency increases the input current 
generator — must be increased to supply the noise 
i^ at the output. The frequency effect sought 
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is one which increases the input noise generators to 
maintain the noise output current at i^ despite increasing 
frequency. It is seen that the only modification required 
to Fig. 2.22 is to change the current source from e^/r^ 
to where Z^ is the input impedance at the gate. 
At intermediate frequencies with resistive drain load 
this input impedance is given by a capacitance C^^ shunting 
the input gate resistance, in which case 
HI W 
- (1 + r̂ o)̂  C.^) . (2.71) 3.2 g in 
" ̂ g g 
2.2.6 Comparison of transistors, valves and F.E.T.'s 
The equivalent input noise voltage generator can be 
of the same order for all devices at room temperature. 
Equivalent performance is therefore expected v/hen fed 
from constant voltage sources. The equivalent input 
noise current generator decreases in the order transistor, 
valve, F.E.T. It follows that the optimum source impedance 
for minimum noise figure increases in the same order. 
If fed from a current source the valve and F.E.T. 
give better performance than the transistor. The F.E.T. 
can be cooled to give lower noise than the valve. 
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3.1 Introduction 
The work described in this chapter is summarized in 
the following paragraphs. 
Firstly an expression [equation (3.6)], describing the 
limitations of perfect linear photon detectors due to 
random detection processes is derived. This equation 
specifies a limit of detection due only to random photon 
noise where the detector is assumed to have an ideal 
contrast modulation response extending to any arbitrarily 
high spatial frequency. This limit is useful as it 
represents an upper bound to the performance of practical 
detectors and it is given in terms of resolution, scene 
contrast, integration time, detector quantum efficiency 
and total light flux available to the detector for a 
given signal to noise ratio. 
For practical vidicon detectors an expression for 
the limiting detectable contrast at low spatial frequencies 
is determined by comparing the signal output from the 
vidicon for low spatial frequencies to the noise as deduced 
from the noise theory of Chapter 2. The performance at any 
spatial frequency can then be determined from the contrast 
modulation response of the device which has been found 
experimentally as described in Chapter 4. 
Two numerical examples given at the end of Chapter 3 
Sec. 3.1 
illustrate the procedure for determining the limiting 
performance of an infrared vidicon and a visible 
spectrum vidicon as a function of spatial frequency. 
Noise current of the vidicon circuit with a 
valve, amplifier is calculated using the theory developed 
in Chapter 2 and the experimentally measured parameters 
of the camera described in Chapter 4. 
This is followed by the derivation of an expression 
for the signal current from the vidicon as a function of 
the change in stored charge on the vidicon target due to 
photoconductivity induced by the light input. The 
charge required to produce a signal current equal to 
three times the r.m..s. noise current is given by equation 
(3.21) for a linear vidicon and by equation (3.23) for a 
non-linear vidicon. 
Expressions for the lower limit of detectable 
contrast, due to the limited charge storage of the 
vidicon target, are given by equation (3.25) and (3.26) 
for typical linear and non linear vidicons respectively. 
The implications of these expressions are discussed. 
A comparative summary of performance is given for 
a perfect detector, the image converter, and the infra-
red vidicon at 1083 nm and for the visible vidicon at 
656 nm. 
Sec, 3»1 
Finally the spatial frequency response and its 
connection with the flux-contrast relations are dis 
cussed. 
I n p u t « 
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3.2 Fundamental Limitation of Linear Photon Detectors 
Before considering other limitations imposed by the 
special physical characteristics of various photon 
detectors, the fundamental limitation due to the random 
nature of the detection process will be discussed. The 
signal obtained from the initial photon detector must be 
amplified to a useful level. In the ideal case, amplific-
ation should be effected by means such that photon noise 
exceeds circuit or device noise at all stages in the 
system. 
The prime interest in this study is the detection 
of low contrast, low brightness scenes with limited 
integration time and with high resolution. Consider a 
scene which delivers a total number of n photons to each 
picture element of the detector area in the integration 
time t. Let one particular picture element in this scene 
receive an additional number of photons pn, (for low 
contrast p is small). It is required to detect this 
picture element against the background. 
For simplicity assume that the input photon flux from 
the scene is constant. The situation is illustrated in 
Fig. 3.1. The background photons n give an output of r)n 
events where n is the quantum efficiency of the detector. 
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Because of the random nature of photon detection, 
this output has an r.m.s. noise of /rin events. The 
signal input pn gives a signal output of npn events. 
Therefore, 
Signal output ^ ii£n ^ ^ 
Noise output ^ P^nn. U.ij 
Schade (1962) has made measurements on the detect-
ability of isolated objects displayed against uniform 
backgrounds and finds that a signal to noise ratio of 
three gives a detection probability of about eighty per 
cent. On substituting the value three for the signal to 
noise ratio equation (3.1) becomes 
p^nn = 9 (3.2) 
or n = 9/p^n. (3.3) 
This expression gives the minimum number of photons 
required per picture element of the scene for reliable 
detection v/hen the contrast is p. If the resolution 
obtained corresponds to a total of m picture elements and 
the total flux to the v7hole picture area of the detector 
is (j)̂  photons/second, it follov/s that 
n = <l)̂ t/m (3.4) 
where t is the integration time. Substituting for n 
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from equation (3.4) into equation (3.3) gives 
9 
p'^n 
i.e. cl) = . (3.5) 
P^nt 
It is seen from (3.5) that for a given flux (cj)̂ ) 
high resolution requires long integration time. The 
integration time is usually limited by seeing conditions 
in astronomical applications or by the requirement to 
record fast changing dynamic scenes. 
Nov; let t be fixed (t = t^) by either of these 
conditions; then 
= • (3.6) 
For a linear detector limited by random photon 
noise only, this expression gives the minimum light flux 
required to detect reliably a scene of contrast p with 
resolution m , integration time t^ and detector quantum 
efficiency n-
From equation (3.6) vze have 
— = — ^ • (3.7) 
9 
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It is seen from this equation that the performance of 
the ideal linear detector does not depend upon its area, 
as it is assumed that the total integrated flux can be 
read out in some manner such as to provide an output 
which is independent of flux density. For practical 
detectors there exist limitations to the area of the 
detector set by the following considerations. 
(1) Optical efficiency and permissible abberation in 
coupling the flux from the scene to the detector. 
(2) Noise level of the detector (Granularity of photo-
graphic films, electrical noise of tubes). 
(3) Limiting resolution of the detector and readout 
mechanism. 
(4) The nonlinearity of the output versus light intensity 
transfer characteristic of the detector. 
In practice there will be an optimum area for the 
detector determined by the above factors. The equation 
(3.7) is useful in that it defines a limit which cannot 
be bettered by any practical detector. De Haan (1960) 
gives a more detailed analysis which includes input photon 
noise and various cascaded arrangements used to process 
the signal. He shows that in all cases the signal to 
noise ratio cannot be better than that determined solely 
by the quantum efficiency of the initial detector alone. 
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3.3 Signal to Noise Performance of the Vidicon 
This discussion is related to the limiting performance 
of the vidicon and consequently a simple derivation 
of vidicon signal current is given which ignores factors 
of minor importance. The noise contributed by the vidicon 
is assumed to be only the shot noise of the dark current 
(typically 100 nA). Cooling of the vidicon as a means 
of decreasing the dark current is not considered due to 
probable increase in target lag. The other sources of 
noise are the vidicon load resistor and the video amplifier. 
Types of amplifier and operating conditions are discussed 
which best illustrate the limits of performance of 
conventional devices. 
3.3.1 The vidicon and camera circuit 
The vidicon is essentially a constant current source 
and it has been shown in Section 2.1.7 (Case 3) that any 
conductance shunting such a source decreases the signal to 
noise ratio. The conductance concerned is the conductance 
G of the vidicon load resistor R . A high value of R s s s 
increases the signal to noise ratio but decreases the band-
width of the input circuit. 
The falling response of the input circuit due to a 
high value of R is compensated by shaping the amplifier s 
I nput C'irc.u\t Avmp\\̂ \cr SKo.p\n«5 Circoit 
H, I-I - ^ • Ŝ" H, 
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response so that a substantially flat frequency response 
is obtained over the bandwidth of 8 MHz, which is sufficient 
for a resolution of approximately 10̂  picture elements. 
A practical limit for the compensating increase in gain at 
high frequencies is about fifty times and this limits the 
maximiam value of R to = ̂  where Ĉ ^ = input circuit s s X to J X 
capacitance and o)̂  = maximum angular frequency. 
Fig. 3.2 shows the signal input current î  entering 
the input circuit which has a transfer function Ĥ  
followed by the amplifier shaping circuit with the inverse 
transfer function H = --s H. so that the overall transfer 
function H equals Ĥ  x — = l and the system thus has a 
flat frequency response. 
3.3.2 Noise of the vidicon circuit 
The noise equivalent circuit of the vidicon and 
amplifier is shown in Fig. 3.3 in the standard form of 
Fig. 2.4. 
From equation (2.10) of Section 2.1.7 the total noise 
current is given by 
— Y 2 _ 
11 
• + IT + F s d g. 11 2 v^ + 
2 
• Y 1 1 
Y + Y s 1 1 Y + Y s 1 1 
(3.8) 
where 
î  = signal input current from vidicon, 
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Yg = source admittance (resistive load of vidicon 
in parallel with total output capacitance of 
vidicon and input circuit), 
i„ = thermal noise current of G , s s' 
i. = noise current due to dark current (I.) of 
vidicon, 
i = uncorrelated part of amplifier noise current 
^ generator, 
V = noise voltage of input circuit, 
v/Z = correlated part of amplifier noise current 
^ ̂  generator, 
Z = input impedance of the noiseless amplifier, 11 
Y = 1/Z . 11 11 
.*. The mean square noise voltage is given by 
i ^ i^ + i^ + i^ v^ Y + Ycor s 
2 
v^ = d . 
1 1 Y 2 Y + Y 2 Y + Y 2 11 S 1 1 S 1 1 
Substituting Y = G + jcoC , s s s 
^11 ~ ^^^in' (neglect input conductance) 
Ycor = 
and = C + C. T s in 
gives 
i^ + i' + i' _ 2 s . ̂  . v^ = a ^ + v^ . (3.10) 
.2 
'T G^ + 
6h 
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The output noise current of the network of Fig. 3.3 
follows by applying the general relation (Schwartz and 
Friedland (1965) ). 
= 1 
2rr J 
Ŵ (ci3) dU) 
where = 
Hgi^) = 
mean square output response, 
transfer function of system. 
Wx(w) = spectral power density of input noise = v^^ 
COi 
F = 1 t o ^ - L 
2 2 2 7? •d 72 •g + i 
7? 
s 
Go + u/^c 2 
+ v2 
= 1 
2'riL 
T 2 2 
2 2 ^ V C io ̂ T 
CiJ/ 
d60 (3.11) 
(3.12) 
2 P 2 3 = i^ f^ + ig f^ -f ig f̂  ^ V Gg f^ + V CT(2 ) f̂  -
3 (3.13) 
The values of the parameters of the vidicon camera 
used in the experimental work described in Chapter h are 
as follows 
i^ = 100 nA Vidicon dark current 
Vidicon load resistance Rg = 0.13 
Vidicon load conductance G^ = (R̂ )""̂  = 7.7 x lO^^SL'^ . s 
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Input Capacitance 
Temperature 
Bandwidth 
Mutual conductance of input 
valve 
Cy = 25 pF 
T = 290 K 
f = 8 MHz 
1 
2o -1 
Ig = 100 nA . Grid current of input valve 
Substituting these values into equation (3.13) and using 
equation (2.38) viz. v^ = 4kT x 2.2 
0 g 
,the five terms of 
equation (3.13) become 
m 
(1) 
(2) 
(3) 
(4) 
(5) 
d 1 
i^ f 
g 1 
2q f, 
2q I f 
g 1 
f 4kTG f 
s 1 
v^G^ f 
s 1 
= 4kT X 2.2 
'm 
1 
4kT X 2.2 
0 
3g m 
f s 1 
J- 1 
= 0.25 X 
0.25 X 10 
1 X 10 
= 0.0017 X 10 
= 15 X 10-^^ A^ 
The total mean square noise current obtained by adding these 
five terms is i^ = 16.5 x l o . 
i^ = 4.1 nA (rms) . (3.14) 
Inspection of the five noise terms shov7s that^ at the 
bandv/idth of 8 MHz, shot noise [term (5)] predominates. The 
bandwidth f for v/hich the shot noise contribution is equal 
to the sum of all the other noise terms is given by 
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3 f» f I 
15 X — = 1.5 — , That is f = 2.5 MHz. The total noise 
8 
at this bandwidth is 
i^ = 0.94 nA (rms) . (3.15) 
NOV7 consider the effect of cooling the input resistor 
to 78 K to reduce the thermal noise [term (3)]. The band-
V7idth f * (78) at this temperature for which the shot noise 
equals the siam of all other terms is given by 
15 X fNTSl ̂  
8^ 8 
That is f (78) = 1.8 MHz. The total noise would then be 
given by 
i^(78) = 0.6 nA (rms) (3.16) 
It is seen that cooling the input resistor of a valve 
amplifier is worthv/hile only for a narrow bandwidth system 
which would be well below the resolution capa^bility of 
the vidicon. 
These results are at variance with those of Gebel 
(1962)/ who neglects valve noise compared to thermal 
noise of the vidicon load resistor at 78 K for a band-
width of 4 i"IHz. This approximation of Gebels conflicts 
V7ith the noise theory presented in Chapter 2 of this 
thesis and it is not supported by the experimental 
results reported in Chapter 4. 
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3.3.3 Vidicon Output Signal 
To derive the output signal from the vidicon at low 
spatial input frequencies, consider firstly the limiting 
case of zero spatial frequency where the whole target 
area is illuminated with a uniform flux density. 
Let this illumination discharge the vidicon target 
by a total of Q^ coulombs in the scan time t^. The 
output current from the target is in this case given 
by the steady value 
i = ^ (3.17) 
^f 
If the illumination is now slightly increased and 
the total discharge of the target increases to Q^ + AQ^ 
the target output current becomes the steady value 
i, ^ QT + ^QT 
Therefore in order to detect the change in illumination 
we must detect the difference between these currents 
which corresponds to detecting signal current given by 
i. = i' - i = ^ (3.18) 
^f 
Equation (3.18) holds at all spatial frequencies for 
which the contrast modulation response has not decreased 
from its value at low spatial frequency. 
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To illustrate this point assume that a small area a 
has the higher illumination and the rest of the target 
area A has a slightly lower illumination. Let the 
discharge over A be Q^ coulombs during the total scan 
time t^ and the discharge over a be Q^.(a) + dq in 
.A 
the time taken to scan area a, that is t^.a. The signal 
A 
current corresponding to the difference in target 
current for these two areas is given by 
^T- + dq _ Q^ dq. (A) ^ AQ^ (3. IS c,) 
^ " tf.(a) t^ = - tT" 
where AQ^ would be the total change in target charge 
if the whole area A had the increased illumination. 
3.3.4 Vidicon transfer characteristics 
The relation between the output response of a vidicon 
and the input light flux to it is called the vidicon 
transfer characteristic. 
The form of this relation depends upon the particular 
interactions occuring between the input light and the 
photoconductor v/hich are deterrained by the input light 
intensity and the distribution of electronic trap and 
recombination centres within the photoconductor. Although 
a wide range of transfer characteristics is formally 
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possible coininercially available vidicons fall into two 
classes. 
At normal input light levels one class has a linear 
relation between the output response and input light flux 
whereas the other class has a nonlinear relation between 
these quantities such that the slope of the curve 
obtained by plotting the logarithm of the output response 
against the logarithm of the input light flux is a 
constant y which has a value of about 0.6. 
(a) Linear vidicon 
The transfer characteristic of the linear vidicon can 
be described by 
Q^ = e.B.A.t^ (3.19) 
where Q^ = the total change in target stored charge due 
to light input in coulombs. 
e = effective quantum efficiency in coulombs per 
photon. 
B = input flux density in photons per second per 
square centimetre. 
A = scanned area of target in square centimetres. 
t^ = frame integration time in seconds. 
Differentiating equation (3.19) with respect to input flux 
density gives 
dQ 
= e.A.t.. dB - — — f 
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On substituting dB = pB where p is the contrast (assumed 
small), we see that 
AQ^ = e.A.t^.pB = pQ^ . (3.20) 
To detect this signal reliably (signal to noise ratio of 
3:1) equation (3.18) gives AQ^/t^ = 3i^ where i^ is the 
total noise current. Then from equation (3.20) 
Q^ = 3i^.tf/p . (3.21) 
(b) Non linear vidicon 
The slope of the curve log Q^ plotted against log B 
is approximately a constant (denoted b y Y ) over the normal 
operating range of the vidicon^ 
d d o g Q^) 
d d o g B) = ^ 
I . dB " ^ • 
On substituting dB = pB for a low contrast scene 
AQ^ = YQt ES = PYQ^ . (3.22) 
B 
The signal current from equation (3.18) is i^ = AQ^/t^. 
Allowing this to equal three times the noise current gives 
pyQm 
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or Q = ^^t^f. (3.23) 
PY 
3.3.5 Limit of detectable contrast for vidicons 
The vidicon target can support only a limited amount 
of charge and the change in this charge caused by input 
light must be kept to a small fraction of the total 
stored charge to avoid excessive nonlinearity (changing y) 
at high light input levels and loss of resolution due to 
"beam bending" effects. If the maximum change in stored 
charge is Qijî ĵ ĝ )̂ ̂ ^ follows that 
^T(max) ~ ^^max 
where c is the target capacitance (2 nF typically) and 
V is the change in voltage when an element of the target max 
is discharged by the scanning beam. As an example 
let V = 5V which ensures that for a typical target max 
supply of 30V the response is still reasonably linear. 
Then = 10 nC. (3.24) 
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The limit of detectable contrast linear 
vidicon is found from equations (3.21) and (3.24). 
3i .t^ 
Thus Qm = Qm/ X - — ^T ^T(max) p(min) 
Similarly the limit of detectable contrast for the non-
linear vidicon follows from equations (3.23) and (3.24) 
viz. 
3i .t. 
i'fmin) = • (3.26) 
3.3.6 Cooled F.E.T. amplifier 
The total noise current can be reduced by using cooled 
field effect transistor amplifiers. Two cases will be 
considered below. 
(a) Germanium F.E.T. type TIXiyLl2 cooled to 4 K 
(b) Silicon F.E.T. type 2N3823 cooled to 78 K. 
It has been shown by Elad and Nakamura (1967) that 
the mutual conductance of the germaniiim F.E.T. increases 
as the temperature is lowered right down to 4 K at which 
temperature the mutual conductance is about double the 
value at 290 K. The silicon F.E.T. also shows an increase 
in g as it is cooled down to 78 K after which the g ^m m 
7h 
Sec. 3.3 
falls rapidly for lower temperatures. At 78 K the g m 
of the silicon devices is about double that at 290 K. 
The characteristics of the F.E.T.'s are summarized below. 
Type Material •̂m 
290 K 
m 
78 K 
^m 
4 K 
Input capac. + 
feedback capac. 
riXM12 Ge 5 000 
20 OOOMQ.'^ 
10 000 
40 000 
19 pF 
2N3823 Si 3 500 
6 500]!^ 
7 000 
13 000 
8 pF 
The values which will be substituted into the noise terms 
of equation (3.13) are for the TIXM12, g^ = 20 OOOy mhos at 4 K 
C^ = 30 pF 
and for the 2N3823, g^ = 10 OOOu mhos at 78 K 
C^ = 20 pF . 
A capacitance of 5 pF is allov/ed for vidicon target 
capacitance and about 6 pF for v/iring capacitance. It is 
assumed that a cascode input circuit is used so that Miller 
effect capacitance is negligible. The magnitude of f, 
2 1 is taken as 8 MHz and v^ is given by v^ = 4kT.j.— from 
— ^m 
- ^t equation (2.67) and relation v = . On substituting 
'm 
these values for the TIXM12 the noise terms are:-
(1) f^ = 2ql^f^ = 0.25 X 10 - 1 8 A 
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(2) ig f-| = 2qlg 4which is negligible as gate current is 
small at ^K, 
(3) ig = toGgfi = 0.01^ X A^ 
^ G ^ f^ which is negligible 
(5) X f3 = to X ^ X (270^ X C^ X f3 
3 ' 3 ^ ' 
= 0 . 1 1 X 
The total raa noise current for the G^ F.E.T. at ^ K is thus 
it = 0.6 nA (rms). (3.27) 
This noise value represents an improvement by a 
factor of about seven over the valve amplifier. The 
vidicon should, therefore, be capable of operating at a 
proportionately lower iLi^ input level or alternatively 
lower contrast scenes could be detected. However, at 
the lower light levels, the vidicon photoconductive lag 
may increase, so that the vidicon cannot respond as rapidly 
to fast changing scenes. 
The noise terms for the silicon field effect transistor 
2N3823 at 78 K are:-
(1) If f-, = = 0.25 X p2 
ig fi - 2qlg which is negligible as gate current is 
small 
S e c . 3.3 
(3) f = 4kTG f = 0.27 X 
S i S i 
(4) v^G^ f which is negligible 
s 1 
V^ 0^(271)^ , 4kT 2 
(5) i . f3 = i M . 2 ^ f3 
= 0.77 X 10-^^A^ . 
The total rms noise current for the Si F . E . T . at 78 K 
is thus 
i^ = 1.1 nA (rms) . (3.28) 
The noise current in this case is thus only about one 
quarter of that obtained with a typical valve amplifier. 
Cooled F.E.T. amplifiers offer improved signal to 
noise ratio over valves and they have been used generally 
in recent years with cooled high resolution y ray 
detectors at bandwidths up to about 1 m H z . (Refer Elad 
and Nakamura 1967). 
The present author is not av/are of any reported 
application of cooled F.E.T. amplifiers to wide band 
vidicon cameras; however, the possible improvement in 
this application is illustrated in the next section. 
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3 A Comparison of Circuits and Devices» 
In order to compare the relative merits of the various 
photon imaging devices the required number of incident 
photons per unit area per second is plotted in Fig. 
3 A as a function of the corresponding detectable contrast 
p for each device. 
The criterion adopted for reliable detection is that 
the amount of light comprising the input signal must be 
three times the light equivalent noise input for each 
device. 
For the perfect detector this relation is easily 
calculated and is given by equation (3.5) which shows 
that the required light input is inversely proportional 
to the square of the contrast or § jj â^ i- . 
The light equivalent noise input for the other devices 
tested is defined as that value obtained by the experimental 
method described in Chapter k. The performance of these 
devices is limited by their characteristic noise level. 
The dependence of the required flux on the scene contrast 
is discussed in the following paragraphs. 
In the case of the linear image converter or the 
linear vidicon the signal is derived from an amount of 
fltix equal to where p is the contrast. This signal 
is compared to the characteristic noise source. 
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p<l)̂  = constant ̂  
d) cc i ^T p 
In the case of the nonlinear vidicon the signal is derived 
from the change in target charge caused by the change in 
light flux pcj)̂. From equation (3.23) 
For the nonlinear vidicon 
Y T 
1 
a: . . Y Qip 
± 1 -t f y oc t f 
p J I P J 
for Y = 0.6 , 
Since the graph of c})̂  versus p for a "perfect 
detector" provides a useful basis for comparison of other 
"real" devices, the first case considered is the "perfect 
detector". 
3.4.1 Perfect detector (noiseless image converter) 
Assuming the values 
n =10"^ electrons per photon at X = 1083 nm 
t^ = 0.2 s 
m =10^ picture elements 
Sec. 3.4 
for the perfect detector (a noiseless image converter with 
type S cathode), and substituting in equation (3.5) we find 
(j)̂  = 4.5 X 1 0 V p ^ 
This relationship is plotted on a log-log scale in Fig. 
3.4 together with the graphs appropriate to other 
devices which are considered in the following sections. 
3.4.2 "Real" image converter 
It is shown in Chapter 4, Section 4.3, that the 
experimentally determined light equivalent noise input 
of a real image converter (type 6914A) is (j)̂  = 46 x 10^ 
photons Increasing this input by a factor of 
three for the required minimum detectability gives a 
corresponding input flux required by the ("real") image 
converter of (j)̂  = 138 x lO^photons cm~^s~^. 
The corresponding relation cj)̂  = 138 x 10^/p is plotted 
in the comparison graph of Fig. 3.4, and is labelled with 
the type number (6914A) of a particular image converter 
used in the experimental work. 
3.4.3 Infrared vidicon 
In this section three different circuits are con-
sidered. All are assumed to have 8 MHz bandwidth. They are 
(a) I.R. vidicon with valve amplifier 
(b) I.R. vidicon with Ge F.E.T. at 4 K 
(c) I.R. vidicon with Si F.E.T. at 78 K 
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The light equivalent noise input for the valve 
amplifier is (from the experimental results of Chapter 
Section ^.3.5) = 1.7 x photons cm-^s-*». For 
three times the light equivalent noise input, the flux 
required in each case is respectivelyi-
.12 (a)« 
(b)' 
= 5 X 10 
.1.66 
= ? X 10^^ 
(p X 7)1»66 
(c)' f = ^ X 10 12 
(p X If) n66 
photons 
= 2 X 
pi .66 
= 5 X 10^1 
.1.66 
photons cm^^s^l 
photons cm"^s"'' 
where Y = 0.6, i.e. 1 = 1.66. 
T 
In relations (b)» and (c)' it is assumed that the Y 
remains equal to 0.6 at the lower flux levels. The 
factors 7 and h in the denominators of (b)» and (c)» 
respectively are the noise reduction factors calculated 
in Section 3.3.6 for the F.E.T. circuits. The relations 
(a)«, (b)», (c)» are also plotted in Fig. 3.^. The limiting 
detectable contrasts are calculated from equation (3.26) 
assuming an integration time of 0.2 s and are listed below. 
These limiting values (Pĵ in̂  shown in Fig. 3.̂ -. 
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(a) For the valve = 
Y X lO"^ 
= ^ X X I C ^ =0^08 contrast 
0.6 X 10"® x25 
(b) Ge F.E.T. p^^^ = 0.011 contrast 
(c) Si F.E.T. = 0.02 contrast. 
Visible spectrum vldicon with valve amplifier 
From the equation (^.12) the light equivalent noise 
input in this case at 656 nm is $ = 125 x 10^ photons-
Three times this flux gives rj, = 3-75 x 10^^ 
photons and the corresponding flux-contrast 
relationship = ^>75 x 10^^ is plotted in Fig. 3 A . 
p1.66 
3.^-.5. Slow scanned vidicon. 
The vidicon is, in principle, capable of long storage 
times. Thus slower scan rates permit, in principle, 
decreased bandwidth with consequent lower noise. The 
performance expected from an infrared vidicon with an 
integration time or frame scan time of 0.2 s is calculated 
below for the valve amplifier at 290 K and for the Ge F.E.T. 
amplifier at h K. 
The new bandwidth = 8 x JL x j — = 1.6 MHz. The 25 0.2 
noise level of the valve amplifier for 1.6 MHz bandwidth, 
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assuming all other parameters of equation (3.IS) constant, 
is found by substituting 1.6 MHz for f^ in equation (3.13) 
and summing the five noise terms. The resulting valve 
noise current is 
(valve) i^ = 0.65 nA (rms). (3.29) 
Similar calculations give for the noise current of 
the Ge F.E.T. amplifier at ^ K and 1.6 MHz bandwidth the 
magnitude 
(Ge F.E.T.) i^ = 0.2h nA (rms). (3-30) 
Three times the light equivalent noise input at 1083 nm 
is 3 X 1.7 X photons at the normal scan rate. 
Although the noise current is reduced by slow scanning 
the signal current is also reduced according to equation (3.17). 
If the Y of the tube is assumed constant (Y = 0.6), 
it follows that the light flux required for a scan time 
of 0.2 s equals, for the valve 
<p 
.12 ^ X 1.7 X 10 
T = r^lf.l " I T 1.66 
" J 
and for the Ge F.E.T. 
12 
photons cm'̂ ŝ 
rp = ^ X 1.7 X 10^^ = 0.68 X 10"̂ ^ photons cm-^s-l. 
r'rF^ X 1 11-66 
The minimum contrast pXmin) for each case is 
calculated by equation (3.26) and is 0.065 and 0.02^+ 
respectively. 
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These relations are plotted on Fig. 3 A . 
Effects of spatial frequency response. 
The flux-contrast relations derived above apply at 
low spatial frequencies when the resolution is not 
limited by the device considered. At high spatial 
frequencies both the minimum detectable contrast and 
the flux required to detect a scene of given contrast 
can be expected to increase in order to maintain a 
signal current from the vidicon, which is detectable 
above the fixed circuit noise. 
This dependence upon spatial frequency is 
explained in the following paragraphs, and two numerical 
examples are given. The signal current i^ from the 
vidicon target at low spatial frequencies is found from 
equations (3.18) and (3-22) 
i = ^ Q t = Plf^T . 
^ tf tf 
For minimtua detectable contrast p(min) this becomes 
= p(min)YQ^ (max) 
where Q^(max) is the maximum charge limitation of the 
vidicon target. 
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This current decreases at high spatial frequencies 
to the value of where r is the relative amplitude of 
the contrast modulation response. Therefore, to maintain the 
signal current at its previous detectable level requires 
that the minimum detectable contrast p(min) be increased 
to p(min) . 
r 
Now consider the increase in flux required to 
detect a scene of given contrast at high spatial frequency. 
The signal current at high spatial frequency is given by 
r î  = plTQ^ r 
To restore this current to its detectable value î  
requires that Q« be increased to ^ for fixed contrast p. 
^ r 
For the linear vidicion this means that the light flux would 
have to be increased by the factor 1 • For the non-
X Y ^ 
linear vidicon Q^o^ ( and in this case the light 
flux would have to be increased by the factor —1 (1/Y) r 
Example 1 (a) Find the input flux required to detect a 
scene of contrast 0.1 with a 7735A vidicon. 
"X = 656nm. Bandwidth = 8mHz. Find also 
the resolution obtained, 
(b) What flux is required to resolve 300 TV lines? 
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(a) Curve 6 of Fig. 3.4 applies to this case. is 
found to be 1.5 X photons/sq.cm /sec at p=0.1 
The resolution obtained from the contrast modulation 
response of Fig. 4.17 is 125 T.V. lines. 
(b) Fig. 4.17 shows that at 300 T.V. lines the contrast 
modulation response is reduced to therefore the flux 
required is given byl.5xl0^^x4^*®® =^1.5x10^"* 
photons/sq.c»i /sec. Inspection of curve 6 shows that 
this exceeds the maximum flux allowed by target 
saturation and therefore this device cannot resolve a 
scene of contrast 0.1 with a resolution of 300 T.V. lines 
(125 lines is about the limit.) 
Example 2 Find the highest resolution obtainable with 
an infra red vidicon type 2000 under the following 
conditions:-
Scene contrast =0.1 Silicon F.E.T. at 78K. 
Bandwidth 8mHz. X = 10 83nm. 
Curve 5 of Fig. 3.4 applies to this example. From this 
curve the maximum flux allowed by target saturation is 
2 X 10̂ ** photons/sq.cm /sec which is ten times greater 
than the flux required to detect the scene at low 
spatial frequencies. It is therefore possible to detect 
spatial frequencies out to the point where the contrast 
modulation response has fallen to 1 = 1. 10^ 4 
From Fig. 4.18 the resolution obtained is 300 T.V. lines. 
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EXPERIMENTAL WORK. 
Scope of Experimental Work 
Measurement of Vidlcon Circuit Noise 
k.2.1 Method of Noise Measurement 
h.2.2 Experimental Results 
^.2.3 Bandwidth Measurement 
^.2 A Input Capacitance 
•̂•3 Measurement of Light Equivalent Noise Input 
^-.3.1 Test Light Sources 
^•3.2 Characteristics of Gallium Arsenide Light Sources 
^.3.3 Calibration of Gallium Arsenide Light Source 
if. 3 A Gallium Phosphide Light Source 
I+.3.5 Light Equivalent Noise Input of Infrared Vidicon 
^.3.6 Light Equivalent Noise Input of Visible Spectrum 
Vidicon 
^.3.7 Light Equivalent Noise Input of Image Converter 
if A Measurement of Vidicon Camera Spatial Frequency 
Response 
^-A^l General Method of Measurement 
if A . 2 Spatial Frequency Response with Visible Spectrum 
Vidicon 
if A . 3 Spatial Frequency Response with Infrared Vidicon 
Sec. 
Scope of Experimental Work 
Laboratory measnrements were carried out to determine 
values for cticuit noise, light equivalent noise input 
and spatial frequency response which could be substituted 
into the appropriate theoretical equations derived in 
earlier parts of this thesis. The practical performances 
of the vidicon and image converter can then be assessed. 
The measurements are conveniently divided into three 
groups of measurements, 
(i) Measxirement of the electrical noise of a 
commercial vidicon camera and of the input 
capacitance and bandwidth of the circuit, 
(ii) Measurement of the light equivalent noise 
input of an infrared vidicon, a visible 
spectrum vidicon, and a single stage infra-
red image converter, 
(iii) Measurement of the spatial frequency response 
of an infrared vidicon and a visible spectrum 
vidicon. 
Details of these measurements are given in the 
following sections. 
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4.2 Measurement of Vidicon Circuit Noise 
The noise current of the vidicon camera Type BG900, 
which has a valve input amplifier, was measured for a 
video bandwidth of 8 MHz. The following section (4.2.1) 
describes the experimental method used to measure this 
noise current and Section 4.2.2 gives the result of the 
measurement. 
Section 4.2.3 describes the measurement and setting 
of the bandwidth to 8 MHz. Section 4.2.4 gives details 
of the measurement of input capacitance, which is 
required to correlate the experimental noise value to the 
theoretical value calculated from the noise theory given 
in Chapter 2. 
4.2.1 Method of noise measurement 
The method used to measure the electrical noise 
of the vidicon camera is illustrated in Fig. 4.1 and 4.2. 
Fig. 4.1 shows the essential (a.c.) input circuit of 
the vidicon and video amplifier with coupling and 
bypass capacitors of negligible reactance removed. 
The equivalent root mean square noise current 
generator is shown as The impedance Ẑ  comprises 
a resistor R^ and its self capacitance C^. Ẑ  consists 
of a resistor R shunted by the total input circuit 2 
capacitance C^ minus C^ . Also R^ = 220 kO. and R^ = 330 kQ 
(I?) 
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The noise measurement was made by feeding a sine 
wave voltage generator into the "earthy" end of R̂ ^ , 
(see Fig, 4.2). The voltage of this generator was 
increased from zero to e^^ until the r.m.s. output voltage 
of the video amplifier increased by the factor /2. Because 
the signal generator and the random input noise are 
uncorrelatedr it follows that the r.m.s. input noise 
current is then given by 
= ^in/^ . (4.1) 
For sufficiently low frequencies, the shunt capacitor 
Cj can be neglected and 
i? (4.2) = e. /R, • in' 1 
Derivation of equation (4.2) follows simply by 
equating the voltage produced at the input grid by the 
noise current to the voltage produced at the input grid 
by the voltage 
z z 
L_2 = e Z, + Zo in Zi + z^ 
' = e. /Z as required, in' 1 
4.2.2 Experimental results 
The video amplifier normally contains synchronizing 
and blanking pulses and it was necessary to remove these 
Sec. 4.2 
pulses before the random noise could be measured. 
The bandwidth of the circuit was set to 8 MHz as 
described in the next section. The voltage required 
to increase the output noise by a factor of /2 was found 
to be e. = 1 . 3 X lO'^V at 50 kHz. Then the r.m.s. 
in 
noise current calculated from equation (4.2) is 
R 
1.3 X 10 - 3 
= 6 X 1 0 " ^ A . (4.3) 
1 220 X 10^ 
Some of this noise is due to the second stage of 
the amplifier. In fact when the first valve was removed 
from the circuit the output noise voltage was reduced by 
the factor 0.5. Assuming no correlation between the 
first and second stage noise, the first stage noise alone 
can be found as follows. We have 
i^ + i^ = (6 X 1 2 
9 \ 27V 2 
and i^ = (6 X 10'® x 0.5) ̂ a^ . 
= 5.2 X 10-^A. 
The theoretically calculated value for the first stage 
noise is 4.1 nA which is reasonably close to the measured 
value (see equation (3.14)). 
4.2.3 Bandwidth measurement 
Before proceeding with the noise measurements, it was 
o f 
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essential to measure the bandwidth of the video amplifier 
and to adjust this bandwidth to be within the range of 
the available measuring equipment. 
The true r.m.s. voltmeter used has a bandwidth of 
10 MHz and the bandwidth of the camera was adjusted to 
8 MHz for all tests. There were difficulties in measuring 
the bandwidth due to the high impedance of the input 
circuit. 
Fig. 4.3 shows the input circuit driven by a 
current source (e.g. the vidicon) and this is followed 
by the video amplifier with transfer function G. 
The method of finding the overall frequency response 
with the aid of a voltage source at the input is shown 
in Figs. 4.4 and 4.5. Fig. 4.4 is an equivalent circuit 
of the input section of Fig. 4.3. Fig. 4.5 shows the 
circuit used to measure bandwidth. 
A compensated probe was built and adjusted so that 
R .C = R .C and R << R,. The input voltage e. was m m 1 1 m i m 
held constant over the range 20 kHz to 10 MHz and the 
frequency response taken by measuring the output voltage 
E of the video amplifier over this frequency range. 
The effective bandwidth was taken to be 
00 
B.w. = / |E df (4.5) '' 0 
0 
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where E^ is normalized to equal unity at low frequencies. 
Graphical integration was used to evaluate the effective 
bandwidth from the frequency response and the latter 
was adjusted to give an effective bandwidth of 8 MHz. 
It remains to be shown that the input circuit of Fig. 
4.5 gives the same frequency response as the circuit of 
Fig. 4.4. 
The form of the frequency response for Fig. 4.4 can 
be written 
e «(1 + jwRCj 'K (4.6) 
Referring now to Fig. 4.5 and noting that R̂ Ĉ̂  = ^^^^ 
and R^ << R^^ we see that the network R^C^, 
R^(C^ - Cj) presents negligible loading to the network 
R^C^. The voltage e is therefore given by 
e = 
1 + ja)(Ĉ  -
1 + jwR C • R R -" m m 1 . 2 
1 + jcoC R, 1 + ja)(C - C )R, 
X X X 4 
1 ^ 1 2 
1 + jcDC R • R il + ja)(Ĉ  - C )R ) - ' m m ^ ^ -^'t I 2J 
•2 1 + jojĈ R̂  
Î m 
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© 
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Since CjĵRĵ  = this becomes 
R 
e = ^ ^ R + ja)C R R + R + ju)(C. - C )R R 2 1 1 2 1 t 1 1 2 
1 
+ R R R 
2 1 2 
1 
" 1 + ja)C R ^^ required. 
w 
4.2.4 Input capacitance 
The input capacitance was obtained indirectly from 
the frequency response of the first stage as explained 
below. 
The first stage of the video amplifier is a nuvistor 
triode valve which drives a transistor emitter follower 
as shown in Fig. 4.6. The probe described previously 
for bandwidth measurements was used to feed in an input 
voltage of variable frequency. The output voltage e 
of the first stage was measured by means of a C.R.O. The 
frequency response of the circuit is determined from the 
relationship w = 2Trf = (RC^) / where f is the frequency 
at which the output voltage, e , is 3db down and RC^ is 0 1 t 
Sec. 4.2 
the input circuit time constant. Since we have in 
this case R = R R / F R + R } = 130 kfì and since the 
measured value of f was 50 kHz, the input circuit 
capacitance is given by:-
C^ = (2TrfR) = 25 pF. 
This value was also found by an independent check using 
a capacitive divider measuring technique. 
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4.3 Measurement of Light Equivalent Noise Input 
The light sources used for measurements of light 
equivalent noise input of the detectors are described in the 
follovjing sections 4.3.1 to 4.3.4. The light equivalent 
noise input of an infrared vidicon and a single stage 
image converter were measured at 900 nm and the results 
extrapolated to 1083 nm. 
Also the light equivalent noise input of a visible 
spectrum vidicon was measured at 700 nm and this result 
was extrapolated to 656 nm which is also a wavelength of 
interest in solar astronomy. 
Details of these measurements are given in sections 
4.3.5 to 4.3.7. These results are used in Chapter 3 to 
calculate the limiting performance expected of these 
devices. 
4.3.1 Test light sources 
Solid state gallium arsenide (Ga As) and gallium 
phosphide (Ga P) diode light sources were used throughout 
the measurement of light equivalent noise input. These 
light sources offered the advantage that no elaborate 
optical equipment or filters were required. 
The method of measurement was to place the light 
source in direct contact v/ith the vidicon or image 
converter face plate and then to vary the current through 
Sec. 
the light sotirce iintil the image of the light source 
appeared just detectable above the system noise. The 
light equivalent noise input can be found from a 
current input versus light output calibration of the 
light source. The light flux input per unit area can 
be calculated from the size of the image. It is 
emphasised Hiere that these are not ijrecise photometric 
measurements, but they are sufficiently accurate and 
reproducible to describe adequately the practical 
performance of the devices tested. 
The solid state sources used emit radiation over 
a relatively narrow spectral bandwidth. These emission 
bands are sufficiently close to the wavelengths of 
interest to provide simply and directly the required 
performance information. 
-̂.3.2 Characteristics of gallium arsenide light sources 
The light source used for the infrared measurements 
was a gallium arsenide electro-luminescent diode -
Hewlett-Packard type h.p.a. This source radiates 
in a narrow band at a wavelength of 900 nm when forward 
biased. The radiation may be switched on or off in a 
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few nanoseconds. The h.p.a. 4104 has a hermetrically 
sealed glass fiber optic light guide which places the 
emitting source optically on the end surface of the 
device. 
The manufacturer's data states that the minimum 
and typical values of quantum emission efficiency at 
2 mA forward current are 0.0005 and 0.001 photons per 
electron respectively. At 30 mA forward current the 
stated efficiencies at 0.001 (minimum) and 0.002 
(typical) photons per electron. Other characteristics 
of the diode taken from the manufacturer's data are 
given in Figs. 4.7 to 4.10. Fig. 4.7 gives the geo-
metrical dimensions of the device. The emission spectrum 
is given in Fig. 4.8 while Fig. 4.9 shows the polar 
diagram of the radiation. The light output versus 
temperature, is shown in Fig. 4.10. 
4.3.3 Calibration of gallium arsenide light source 
In order to know the light output of the gallium 
arsenide source at any bias current, it is necessary to 
know the absolute output at a particular value of 
current and the relative output at all other values of 
current. The manufacturer's figure of 10"^ photons per 
electron at 2 mA has been accepted as the absolute 
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reference value of output throught this work. 
Relative calibration was accomplished with the aid 
of a photomultiplier as shov/n in Fig. 4.11. The light 
source was pressed against the glass envelope of the 
photomultiplier via a film of silicone grease. The 
photomultiplier used was a H.T.V. type R-196 v/hich is 
similar in construction to the R.C.A. type 931 but has 
a type S^ cathode. 
A stable power supply was set to llOOV and the 
photomultiplier anode current was read on an electrometer. 
Noise fluctuations of the anode current were reduced by 
connecting a polystrene dielectric capacitor (C = lyF) 
across the electrometer and by operating the apparatus 
in an air conditioned room at a controlled temperature 
of (21 ± 1)°C. Measurements were taken after a 
stabilizing period of 24 hours. The photomultiplier is 
an excellent device for this type of comparative 
measurement because it has a linear response over a very 
large range of light intensity. 
Table 4.1 gives the values obtained by the above 
method. 
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The solid state light sources were used in 
particular configurations to supply light input to 
the vidicon and the image converter. 
The light sources were calibrated in these 
particular configurations by using the same 
configurations in conjunction with the photomultiplier 
as described above. 
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T a b l e 4 . 1 
C a l i b r a t i o n o f G a A s S o u r c e 
B i a s C u r r e n t 
^b 
A n o d e 
^a 
C u r r e n t 
3 m A 76 y A 
2 II 42 II 
1 ti 16 .5 II 
0.5 II 5 .9 II 
0.4 II 4 .2 II 
0.25 II 2 .1 II 
0 . 1 II 0 .46 It 
75 y A 290 n A 
50 I I 160 II 
40 I I 120 II 
30 II 75 II 
25 II 62 II 
20 I I 52 II 
15 II 44 II 
10 I I 37 II 
5 II 34 II 
0 II 32 II 
V a l u e s of a n o d e c u r r e n t (I ) from Table 4 . 1 are a 
p l o t t e d in the c u r v e of F i g . 4 . 1 2 . 
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4.3.4 Gallium phosphide light source 
The gallium phosphide light source used was a 
Ferranti type XPll. Manufacturer's data states that 
this source radiates at a wavelength of 700 nm with a 
bandwidth at half peak of 70 nm. 
To adapt the source for the proposed measurements, 
it was fixed into a perspex light guide as shown in 
Fig. 4.13. The light output from the gallium phosphide 
source was measured after each experiment by comparison 
with the gallium arsenide source using the photomultiplier 
calibration system of Fig. 4.11. First the output of 
the photomultiplier was measured with the gallium 
phosphide source in situ at a given current. The 
gallium arsenide source was then substituted for the 
gallium phosphide source and the bias current was adjusted 
for the same output from the photomultiplier, thus giving 
the light output from the gallium phosphide source at a 
given current in terms of a current through the gallium 
arsenide source. 
It is assumed here that the quantum efficiency of 
the Si photocathode of the photomultiplier is the same 
at 700 nm and 900nm.. 
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This assumption is justified by the experimental 
curves taken on five Si cathodes by Malkerbe, Tessier 
and Veron (1966). They show no change in spectral 
response at 700 nm and 900 nm expressed in milliamps 
per watt and therefore the quantum efficiency in 
electrons per photon would be higher at 700 nm by the 
factor 9/7 which has been ignored in this work. 
The above response also agrees with the 
manufacturer's data; see for example R.C.A. data sheet 
7102 5-65 Fig. 2. 
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4.3.5 Light equivalent noise input of infrared vidicon 
For the infrared vidicon measurements an additional 
perspex light pipe shown in Fig. 4.14 was fitted to the 
source to confine the beam to a small solid angle. 
Fig. 4.15 shows the method used to measure the light 
equivalent noise input of the infrared vidicon at 900 nm. 
The vidicon used was a G.M.B.H. type 2000 and it was 
operated in an EMI television camera type BG900. The 
Ga As light source with the additional light pipe was 
pressed into contact with the centre of the vidicon 
face plate using a thin film of silicone grease for 
optical coupling. Bandv/idth of the camera was 8 i4Hz. 
The kinescope output was observed by eye with no 
ambient lighting. At the threshold of detection the 
camera controls; focus, beam current and target voltage 
and the monitor controls; contrast and brightness, v/ere 
all adjusted for maximum detectivity of the image. The 
image on the kinescope screen appeared as a half inch 
diameter circle of uniform brightness. The kinescope 
scan amplitudes v/ere adjusted to be 6 in. x 8 in. 
corresponding to a scanned target of 0.96 cm x 1.28 cm. 
The bias current through the Ga As source was then 
adjusted until the h in. diameter image could just be seen 
above the noise background. The current required was 
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250 The amount of input light per sq. cm required 
to Just detect the image in the noise background by the 
above method is defined here as the light equivalent 
noise input. A value of three times this amount of 
light is taken as the criterion for reliable detection. 
This measurement is independent of spot size under the 
following conditions. Firstly, the size of the image 
of the light spot on the final recording device must 
be sufficiently large so that its detection is 
unaffected by the spatial frequency response of the 
recording device. Secondly, the system is assumed to 
be limited by a fixed background noise which is much 
higher than photon noise anywhere in the system, including 
the final recording device. 
Next the Ga As source, with the additional light 
pipe still attached, was transferred to the photo-
multiplier, (see Pig. ̂ .11) and the photomultiplier 
output current was measured with a bias current of 
250 At A as described in Section M-.3.3» On removing 
the light pipe from the source, it was found that a 
current of 22 >LA through the source produced the same 
photomultiplier output. The total light input can now 
be found from the curve of Fig. ̂ .12 and the efficiency 
of the source at one value of current. 
Sec. 
The efficiency of the source is taken as IcS 
photons per electron at 2 mA from the manufacturer's 
data. The input light flux ^ is found from the 
curve in Fig. V.12 and the following equation, 
$ = lo^e ^a/^a^ photons/second (h.7) 
where IQ = reference bias current 
ne = the number of electrons per 
cotilomb of charge 
= the efficiency of the source at 
the bias current IQ in photons 
per electron 
Sec. 4.3 
AI^ = change in photomultiplier anode current upon 
applying noise equivalent bias current 
= change in photomultiplier anode current upon 
applying a bias current of I . 
0 
On substituting the appropriate values given above 
viz. 
I = 2 X 10-3 A 
0 
n = 6 X 10̂ ® e 
0 = 10-3 
0 
AI = (57 - 32) X lO-^A a 
= 42 X 10"^ A a 
in equation (4.7), we have 
(j) = 7.2 X 10^ photons/second. (4.8) 
This quantity is the light equivalent noise input for an 
image of ^ in. diameter on a 6 in. x 8 in. screen. The 
light input required for the whole scene of area 48 in^, 
(equivalent to approximately 1 cm^ target area) is given 
by 
(f) = 7.2 X 10 X 48 X 4 X 4/7r = 1.7 x lo 
photons cm s . (4.9) 
There is no significant difference between the 
spectral response of the infrared vidicon at 900 nm and 
1083 nm and therefore the above results are directly 
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applicable at 1083 nm. 
4.3.6 Light equivalent noise input of visible spectrum vidicon 
An R.C.A. vidicon type 7735 A was fitted into the 
camera and the light equivalent noise input was measured 
at 700 nm by use of the gallium phosphide source in the 
manner described in Section 4.3.5. The image formed on 
the kinescope screen appeared as a circle of 7/8 in. 
diameter. This circle appeared to have uniform brightness 
except for a small spot in the centre which had about 
twice the brightness of the rest of the circle. The area 
of the bright spot V7as so small that its contribution 
to the total flux could be neglected. The bias current 
required to just detect the image under optimum conditions 
of camera and monitor adjustment was 5 mA. 
When the source was transferred to the photomultiplier, 
it was found that the equivalent input to the Ga As 
source was 13 pA. From Fig. 4.12 and equation (4.7) it 
is found that the light equivalent noise input equals 
6 = 2 X 10-3 X 6 X 1018 X 10"^ X (^>1 - 3.2)^x 10 
4.2 X 10 5 
= 2.5 X 10^ photons s . (4.10) 
The corresponding total flux required for the whole scan 
area is 
(1)̂  = 2.5 X 10^ X 48 X i X 11 = 2 X lO^^photons cm^s-i . 
(4.11) 
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This figure holds at 700nin. For operation at 656 nm 
a correction factor can be applied to accomit for the 
difference in vidicon response betweeen 656 nm and 700 nm. 
From R.C.A. data for the 7735A vidicon this factor equals 
1.6 and therefore, the total flux required at 656 nm is 
given by 
^(656 nm) = 2 x ^0^^/1.6 = 0.125 x lO^'^photons orsT^s"^. 
(^.12) 
Light equivalent noise input of Image Converter 
The light equivalent noise input of an image 
converter type 691 ̂ A was measured at 900 nm using the 
gallirmi arsenide source and a high tension supply of 
12.5 kV. The image formed on the phosphor was a circle 
of 0.1 in. diameter and this was just detectable with a 
bias current of 5 >M/A through the light source. 
Using Fig. and equation (^.7), the light flux 
required to equal the noise is found to be 
f = 2 X 10-3 X 6 X 1018 X 10-3 X (3A - 3>20 x lO'^ 
h.2 X 10"^ 
= 0.56 X 109 photons s"^ (^.13) 
The total flux required for a whole scene area of 1 cm^ 
at the cathode, allowing a factor 0.75 for the linear 
magnification of the 691^A, is 
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^t = 5-6 X 108 X if X = 6.2 X 10^ ^ (0.1 X 2.5^)^ 
photons ernes'" 
Extension of this result to 1083 nm requires a large 
correction factor due to the falling spectral response of 
the S-| cathode. This factor taken from the average S-j type 
cathode response curve given by Malherbe et alia (1966) 
is approximately 15. Thus the total flux required at 
1083 ma is 
ft (1083 nm) = 15 X 6.2 x 10^ = 9.2 x 10^^ photons cm^s-1• 
(^.15). 
Because of the large spread in spectral response of 
the S-j cathodes beyond 1000 nm shown by Malherbe, the above 
result should be used with caution. However, it is useful 
in that it shows that the image converter has a potential 
detectivity of about 18 times that of the infrared vidicon 
with a valve amplifier at a wavelength of 1083 nm. 
The worst Ŝ  cathode measured by Malherbe shows a 
drop in quantum efficiency of 30 times from 900 nm to 
1083 nm, and thus the result of equation (^.15) should 
be within a factor of two of the correct value. 
It can, therefore, be concluded that image intensifiers 
which have lower background than the 691VA image converter 
offer the best performance at 1083 nm, despite the 
relatively low quantum efficiency of their type S-j cathode. 
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4.4 Measurement of Vidicon Camera Spatial Frequency Response 
As indicated in Section 1.2 the performance of an 
imaging device can be specified for low contrast scenes if 
both the spatial frequency response and the system noise 
are known. 
Sections 4.4.1 to 4.4.3 below describe measurements 
taken of the spatial frequency response of the camera with 
the infrared vidicon and with the visible spectrum vidicon. 
These measurements show the relative output current 
of the video amplifier as a function of input spatial 
frequency and they do not include any loss of resolution 
of the kinescope or the eye. 
4.4.1 General method of measurement 
The spatial frequency response of the vidicon camera 
was measured using an opaque test pattern of alternate 
black and white bars for the visible vidicon input signal 
and a glass test pattern of alternate black and trans-
parent bars for the infrared vidicon. 
The input signal from the test patterns was reflected 
light from normal laboratory lighting plus a tungsten 
floodlight in the first case and transmitted light from 
tungsten filament lamps operated well below normal 
brilliance behind a diffusing screen for the infrared 
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vidicon. Each test pattern contained a range of 28 
spatial frequencies. The electrical output signal from 
the video amplifier was measured for variable input 
spatial frequency. 
Fig. 4.16 shows the essential features of the 
apparatus. Each test pattern was placed in a fixed 
position relative to the vidicon and focussed on to 
the vidicon target to give an image near the centre of 
the monitor screen. All measurements were made within 
one inch of the centre of the monitor to ensure that 
only light rays close to the optical axis of the lens 
were utilised as the quality of the lens at 900 nm was 
unknown. 
The spatial frequency was determined by the overall 
magnification of the system and the known lines per inch 
of the test patterns. The video output signal peak to 
peak amplitude corresponding to the scanned pattern 
was measured on a delayed sweep cathode ray oscilloscope 
which had its time base synchronized to view one 
horizontal line near the centre of the image. 
4.4.2 Spatial frequency response with visible spectrum 
vidicon 
The test pattern contained 28 charts numbered 1 to 
28 with spatial frequency inversely proportional to chart 
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niimber. Chart nrnnber 28 contained 10 line pairs in % in. 
i.e. 20 lines per inch. The overall magnification measured 
between the test chart and the size of its image in the 
monitor was 3/2. Thus the number of lines per inch on 
the monitor = 20 x ^^ ^ 1 2 1120 — _ _ X — — — — — X — 
Chart number 3 3 Chart number 
For an 8 in. scan the total number of lines n^ is given 
1 3000 by n = X 8 X _ ^ Chart number Chart number 
results are tabulated in Table 4.2. 
Table 4.2 
Experimental 
::hart number T.V. Lines P-P Video Output 
(Volts) 
Relative 
Output 
28 107 0.60 100 
24 125 0.58 97 
19 158 0.50 83 
14 214 0.36 60 
11 273 0.24 40 
9 333 0.14 23 
The r.m.s. noise output was 0.06 V. The final measure-
ment is of the same order of magnitude as the noise. The 
spatial frequency response of Table 4.2 is plotted in Fig. 
4.17. 
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4.4.3 Spatial frequency response with infrared vidicon 
The apparatus was adjusted, with the infrared vidicon 
installed in the camera, so that chart No. 27 measured 
13 lines per inch on the monitor or a total of 104 lines 
in the 8 in. scan. Experimental figures are given in 
Table 4.3 and these are plotted in Fig. 4.18. 
Table 4.3 
Chart number T.V. Lines P-P Video Output 
(Volts) 
Relative 
Output 
27 104 0.40 100 
22 127 0.40 100 
17 166 0.32 80 
12 235 0.24 60 
9 315 0.16 40 
8 356 0.10 25 
The noise level at the output was ,0.06 volts r.m.s. and the 
probable error in the last point is about ± 25 per cent. 
Ilk 
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Chapter 5 CONCLUSION 
The results presented in Fig. 3.4 show that image 
tubes which are based upon photoelectric emission from a 
type Ŝ  cathode are potentially the best choice for imaging 
low contrast scenes at 1083 nm with short exposure times. 
Firstly they require less light than the vidicon for an 
acceptable signal to noise ratio and secondly the image 
tubes are capable of detecting very low contrast scenes 
because their photocathodes are linear over an extremely 
wide range of input light intensity whereas the limited 
dynamic range of the vidicon restricts the minimum 
detectable contrast to about 8 percent with a valve 
amplifier and to about 1 percent with a cooled F.E.T. 
amplifier for an integration time of ̂  seconds in each 
case. 
There are a wide range of image tubes with Ŝ  cathodes 
in use or under development and the review paper by 
Livingstone (1967) gives an excellent description of these 
tubes. Probably the most perfect of these devices is the 
image tube of Lallemand, however, this tube has operational 
disadvantages as discussed by Livingstone. Cascade 
intensifier tubes are easy to use and although they are 
not as free from spurious response and distortion as 
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Lallemand's tube continued development should improve 
their performance. 
For the application considered in this thesis, a 
suitable tube would be a two stage image intensifier with 
fibre optic coupling to a photographic plate, as this 
combination provides sufficient gain to preserve the 
photon statistics of the initial photocathode. 
It is interesting to note from fig 3 A that for scene 
contrasts less than 2 percent, the photon noise predominates 
over the noise level of all practical image tubes with 
Si cathodes. There is little point, therefore, in 
searching for a very low noise image intensifier for low 
contrast scenes. Because the noise level of image 
intensifier tubes is generally less than that of the 
image converter used in the experimental work, it can be 
concluded that the performance curves for all other image 
intensifier tubes with S-| cathodes lie between curves 1 
and 2 on Fig. 3 A. 
Much of this thesis is concerned with the determination 
of the limitations of vidicons due to circuit noise and 
their limited dynamic range, and the performance expected 
of vidicons is described in Fig. 3 A by curves 3 to 8. 
îhese curves show that the amount of light required by the 
vidicon approaches within a factor of 10 the amount required 
by image tubes for low contrast scenes only if cooled F.E.T. 
amplifiers are used. 
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The effects of slow scanning on the vidicon are 
calculated for two cases, and it is found in the case 
of a valve amplifier that only a small reduction in 
light input results, whereas in the case of a cooled 
F.E.T. amplifier, slow scanning actually increases the 
light required for a satisfactory image. 
It can be concluded that slow scanning is not the 
best way to increase the integration time, and 
integrating by a photographic plate should give 
better results. A point of interest discussed in 
section 3 » 3 i s that cooling the input resistor 
of a valve amplifier has little effect upon the signal 
to noise ratio except for low bandwidth systems which 
restrict the resolution far below the capabilities of 
the vidicon. 
The wavelength of 656 nm is also of interest in 
solar observations, and curve 6 of Fig. 3 A describes 
the flux contrast relations for a visible spectinim 
vidicon at this wavelength. This curve is in good 
agreement with the data presented by Weimer (i960) and 
De Hann (I96O) and it provides verification of the 
validity of the experimental methods used in this work 
to assess the performance of both the visible and 
infrared vidicons. 
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